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AUTHOR'S PREFACE 

The forces which are localised in surfaces play a much 
greater part in biological processes than has previously 
been suspected, and the recognition of this fact has 

.1 recently spread very rapidly over biological literature. 

'jj On the one hand, the accumulation of facts proceeds 
rapidly, while on the other hand, the theoretical treat- 
ment of surface reactions is developing extremely 

jj slowly. The theoretical development is naturally 
concerned in the first place with the simplest conditions, 
and cannot be extended without modification to bio- 
logical problems. The biological data, on the contrary, 
are generally obtained under very complicated, and to 
some extent fundamentally different, conditions. The 
best illustration of this fact is the confusion which has 
become associated with the idea of adsorption, owing 
to the assumption that the theory of purely mechanical 
adsorption could be extended to biological processes, in 
which, as a matter of fact, it does not apply. 

This little book is intended to summarise the essen- 
tial points in the theoretical treatment of surface 
phenomena, always keeping in view the object of apply- 
ing the knowledge obtained for biological purposes. 
Although not a biological work, it is intended for 
biologists and it is written from their point of view. 
Some of their special problems (e.g. the specific reactions 
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of ferments and toxins in the widest sense) can only 
be solved by investigations into surface conditions. 
These problems, however, are at most only touched 
upon, since their details are already familiar to those 
who are interested. The object of the book is rather to 
give an account of the principles of surface reactioas, 
so as to enable biologists to deal with such problems 
more fundamentally than they have done hitherto. An 
attempt must be made to unify the theoretical concep * 
tions, otherwise we shall have only a mass of isolated J}- 
facts without any inner meaning. If the attempt still | 
leaves something to be desired, there is nothing to I 
prevent the defects from being remedied and the theory j 
perfected by general discussion. 1 

L. MICHAELTS. 

Berlin, 

May 1st, 1909. 
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i CHAPTER I 

I 

INTRODUCTORY 

1. The General Conception of a Surface. — When 

}he tiny primitive cells from which all higher organisms 
•ise, begin to increase their mass in the course of 
[their growth, the increase does not take • place by the 
rimple enlargement of a single cell, but by incessant 
division of the cells. Partition walls are formed, 
and the surface increases out of all proportion to the 
mass. The new surface is partly external, enormously 
developed by the formation of folds, crevices, and 
cavities, and partly internal, consisting of the walls 
or partitions which bound the individual cells. The 
significance of this process of growth has been partly 
understood for a long time, since it has long been 
recognised that the exchange of material between the 
living mass and its surroundings is assisted con- 
siderably by the great development of the surface. 
Recently, however, it has begun to be realised that the 
expansion of the surfaces has another quite different 
function. The exchange of material is merely favoured 
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I. I. THE D YNAMICS OF SURFACES 

by large surfaces and would still proceed, though of 
course more slowly, with smaller ones. But every 
surface is also the seat of special forces, principally 
mechanical and electrical, and it is these forces which 
we intend to study in detail. 

As a starting-point, however, a clear definition of; 
the term surface in the physico-chemical sense is neces- 
sary. The most satisfactory formula is to define a i 
surface as the boundary between two phases. Thq 
meaning of the term phase, originally used by Willard 
Gibbs, will be best explained by the following example! 

Consider a fixed mass of a simple chemical substance 
e.g. water, which is enclosed partly by the walls of the 
containing vessel and partly by the air. This quantit; 
of water is called a chemical system. If we now 
imagine the system to be divided by numerous parti j 
tions into single particles, then the chemical am 
physical composition of all the particles is identical 
The system is, therefore, described as homogeneous! 
If the imaginary process of subdivision could be carried? 
sufficiently far the homogeneity would reach a limit, 
since, according to the molecular hypothesis, all sub- 
stances consist of molecules separated from each other 
by empty interspaces. Therefore, by the use of suffi- 
ciently close partitions, we must reach an irregular 
subdivision of all substances, where one enclosed space 
may contain a single molecule and another may be 
entirely empty. In this sense, therefore, there is, 
strictly speaking, no such thing as a homogeneous 
system. But if we do not assume the subdivision to 
continue till we have reached molecular dimensions, we 
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INTROD UCTOR V I. I. 

i can, relatively speaking, describe the water as a homo- 
geneous system. Such systems are obtained, not only 
with pure chemical compounds, such as water, but also 
with such mixtures as salt solutions, in which, so long 
as we do not subdivide into molecules, every portion 
has the same chemical composition and physical pro- 
perties. On the other hand, a single chemical sub- 

Istance does not always form a homogeneous system. 

jaWater can exist in the three states of aggregation, ice, 

[i liquid, and vapour, side by side. If a chemical system 
omposed of water in these three forms be divided into 
mall particles, there will now be three kinds of particle 

Stolth different physical properties. The system is 
herefore described as heterogeneous, and each single 
omogeneous portion of it is called a phase, the 
oundaries between different phases being described as 

J surfaces. 

In the above arguments one very important assump- 
tion has been made, namely, that the chemical system 
which we have been dividing into phases is in equili- 
brium. This^means that all changes which can proceed 
spontaneously without requiring external energy (e.g. 
diffusion, distribution of heat, chemical reactions, 
equalisation of pressure) have already ceased. If the 
system has not yet reached equilibrium, it is possible 
that the compositions of single particles in different 
parts of the system may differ, without its being 
necessary to distinguish different phases. A salt solu- 
tion, for instance, which has different concentrations 
in different portions of the solution, only lacks homo- 
geneity because the spontaneous interchange of material, 
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I. I. THE DYNAMICS OF SURFACES 

called diffusion, has not yet ceased. The difference? 
between this kind of heterogeneity and the other is r 
summarised as follows. In a system which is not in > 
equilibrium the variation of composition is continuous,! 
i.e. portions of the system which are infinitely near 
together have only an infinitely small difference inf 
their composition. At the boundary between two- 
phases there is discontinuity, and portions of thev 
system which are only an immeasurably small distance^ 
apart have a measurable difference in composition, i.&\ 
there is a sharply defined boundary which we call a 
surface. 
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CHAPTER II 

THE SURFACE AS THE SEAT OF MECHANICAL FORCES 

Surface Tension. — The force of gravity is always 
ssociated with the presence of mass, and we cannot 
onceive of the existence of one without the other, 
f we add to the mass of a chemical System we produce 
J& corresponding increase in its weight or gravitational 
jjjorce. In the same way the surface is always the 
eat of special forces, and when the extent of the 
urface is increased the magnitude of these forces is 
! increased. The great difference between the cases of 
gravity and of surface force is, that the mass of a 
system cannot be increased except by addition of matter, 
whereas the surface can be increased without any 
material addition to the system. In the heterogeneous 
system water-chloroform, for instance, the boundary 
between the two phases in the stationary condition is 
a simple horizontal surface. When the liquid is shaken, 
however, the chloroform is divided into small drops, 
and the boundary between the two phases is greatly 
increased. The total surface energy must consequently 
be increased also, at the expense of some other form 
of energy, such as heat. The characteristic force which 
is acting in all surfaces is called surface tension , and 
the form of energy to which it belongs is* called by 
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II. 2. THE DYNAMICS OF SURFACES 

W. Ostwald 1 surface energy. Before discussing the 
relations between surface tension and surface energy 
it is well to develop a clear picture of surface tensior 
starting from the usual conceptions of matter. 

It is desirable to limit ourselves at first to the 
surface tensions of liquids, since these are most easily 
understood and can be determined experimentally. A 
liquid consists of molecules which exert upon each 
other an attitective force. This force is necessary t 
explain why the molecules do not become separate 
from each other by infinite distances. If we conside 
a single molecule • in the interior of the liquid, w 
recognise that it is attracted by neighbouring molecule.* 
with the same intensity in all directions. Thus th 
single molecule is subjected on all sides to an interna 
pressure of thousands of atmospheres, which, however| 
being uniform in all directions, does not produce any 
effect other than that of keeping the liquid particles 
together, the result being the property which is called 
the cohesion of the liquid. The molecules which are 
located in the surface are subject to different conditions. 
They are attracted towards the interior of the liquid 
by the molecules situated there, but there is no similar 
attraction towards the exterior. The effect produced 
is therefore the same as if the outer layer of liquid 
were subjected to a high pressure (perpendicular to 
the surface). This pressure has two consequences : first, 
since liquids possess a distinct (though small) com- 
pressibility, the outer film will consist of a layer of 
compressed liquid ; and second, since all the particles 

1 Wilhelm Ostwald, Lehrbuch der theoreti8chen ChenvUj 1, 1. 
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SURFACE AS SEAT OF MECHANICAL FORCES II. 2. 

in the surface are being strongly attracted towards the 
interior, the surface will always have a tendency to 
become reduced to the smallest, possible dimensions. 

If we place a liquid into a position where it is not 

affected by gravity (e.g. by suspending it in another 

liquid of the same density, with which it does not mix), 

the form of the liquid changes until it possesses* the 

smallest possible surface for the given volume. The 

form in which this condition is satisfied can be shown 

geometrically to be the sphere. The surface of a liquid 

>ehaves, therefore, as if it consisted of a stretched sheet 

>f rubber. The analogy, however, is not quite perfect. 

if a rubber balloon filled with water be distorted into 

jif Jany non-spherical shape, the membrane will have a 
certain tension. If the balloon is now left to resume 
its natural spherical form, it will have a smaller surface 
and the tension on the rubber will be smaller. The 
surface layer of water, on the other hand, has the same 
tension whatever the form of the surface, and when a 
quantity of water of irregular shape becomes a spherical 
drop, there is not the slightest reduction of the surface 
tension in the process. 

In the above explanation of the causes which produce 
surface tension, an assumption has been made which 
is not entirely correct, namely, that the particles in the 
surface are attracted only towards the interior of the 
liquid, and not at all towards the exterior. Strictly 
speaking, this can only be the case when the liquid 

j surface is exposed to an empty space. If the surface 
is the region of contact with another substance, whether 
it be gaseous, liquid, or solid, the surface particles are 

I 7 
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II. 2. THE DYNAMICS OF SURFACES 

attracted not only inwards, but also outwards by the 
molecules in the other phase, owing to the existence 
of a force of attraction between molecules of different 
kinds, which may be called adhesion. If the adhesion 
at a particular surface is equal to the cohesion the 
surface tension will be zero ; but if the two forces have 
different values, the surface tension has a definite 
positive value which is different from (usually much 
less than) the value in vacuo. If the adhesion is less 
than the cohesion the surface film is compressed, owing 
to the attraction of the particles in the interior, while 
if the adhesion is greater it is compressed owing to the 
attraction of the particles of the other substance. I 
According to these arguments the surface tension may 1 
have any value down to zero according to the nature 
of the phase with which the substance is in contact. 
It is also conceivable, and in fact it frequently happens, 
that the surface tension may be negative, i.e. the surface 
tends not to contract but to extend itself. On the 
mechanical grounds just outlined, this does not appear 
possible, and it is necessary to anticipate the explana- 
tion given in a later section, by stating that for a 
negative surface tension the surface must be electrically 
charged. When this is the case the charged particles 
repel each other and the surface seeks to expand. The 
expanding force thus produced opposes the contracting 
force due to the mechanical surface tension. If the 
electric charge is great and the mechanical tension 
is small, the former may predominate and produce a 
negative tension, causing the surface to become ex- 
tended. 

8 
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\SURFACE AS SEAT OF MECHANICAL FORCES II. 2. 

The simplest method of illustrating surface tension 
»nd of explaining its measurement is as follows. 1 

The wire DABC, bent twice at right angles, carries 
the wire DC in such a manner that the latter may 
move freely, either to or from 
B with practically no friction. 
If a small quantity of liquid in 
the form of a thin film occupies 
he rectangle ABCD, the movable 
dge DC will tend to move to- 
Srards AB, because the film of 
(Hiquid on account of the tension 
its two surfaces attempts to 
ecome as short and thick as 
ossible. In order to retain the wire in the position 
C a certain weight P must be attached to it. Experi- 
ment shows, moreover, that the weight is the same 
whatever the position of the wire DC, e.g. it is the 
^same for DC as for.D'C. The weight is greater, how- 
ever, the greater the length of DC, and is in fact 
directly proportional to the length. The surface 
tension of the liquid can accordingly be defined and 
measured as the pull exerted on the line DC. It must 
be particularly emphasised that the weight P is sus- 
tained only by the line DC, since the magnitude of the 
surface tension is sometimes wrongly associated with 
the area of the surface under consideration. The 
specific surface tension (or surface tension constant, 
or more briefly the surface tension of a liquid) is defined 

1 See, for example, Wiedemann and Ebert, PhyriJcalisches PraJctikum 
(Braunschweig, 1904), p. 130. 
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as the weight which is sustained by a line of 1 cm. 
length, or more generally as the pull which is exerterf 
at right angles to its length and in the plane of the 
surface, by any line in the surface of 1 cm. length. 
In considering this force we ' are not restricted to 
straight lines only. Any irregular line exerts a pull 
which is proportional to its length. A circle of 1 cm. 
radius, chosen in any part of the surface, has an attrac- 
tion for the neighbouring liquid particles equal to thatf 
of a straight line of length 2ir.cm. j 

The surface tension constant of a liquid depends on 
the nature of the liquid and on the temperature. The 
following table gives the constants for a number of th 
most important liquids. 

TABLE I. 
Surface Tensions of some Liquids against Air in Dynes per Cm. 







Temperature. 


i 
Method. 


. dynes 
o" in - - — 
cm. 


Acetone 


16-8° 


i 
i 

Capillary 


23*35 


Ethyl ether . . . 




20° 


i 


16*49 


»> >» • • • 




40° 


11 ! 


14-05 


>» >» • 




60° 


„ 1 


11-80 


»> »» 




80° 


1 


9-67 


Ethyl alcohol . . 




20° 


»> 


22-03 


»> »> • • 




40° 


»» 


20-20 


>» »» • • 




60° 


M 


18-43 


>» >» • • 




80° 


11 


16-61 


Benzene . . 1 . 




17-5° 


»» 


2916 


Chloral 




19-4° 


11 


24-48 


Chloroform . . . 




20° 


»» 


25-88 


Acetic acid . . . 




20° 


*» 


23-46 


Olive oil ... . 




20° 


» 


35-4 


Cane sugar (molten] 


1 . 


160° 


Drop 


66-9 


Water 




0° 


Capillary 


; 75-49 


99 • • • • 




10° 


a 


; 74-01 


99 • • • • * 




20° 


j> 


1 72-53 


99 • • • • 




30° 


a 


; 71-03 


9 9 • • • • 




50° 


ii 


67-8 


9 9 • • • • 




80° 


.i 


62-3 
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SURFACE AS SEAT OF MECHANICAL FORCES II. 2. 

We have given above & clear definition of surface 
tension, and a method for measuring it. Experimental 
measurements by this method are, however, so difficult 
that it is not generally used for quantitative determin- 
ations. 

In practice a number of different methods are used, 
of which a few will be outlined here without being 
described in detail. 

The simplest process is the measurement of the 

eight to whigh the liquid will rise in a capillary tube. 

If a glass tube of fine bore is dipped into water, tlKf 

evel of the water in the tube will rise above that of the 

ater outside. The cause of the ascent is the property 

hich water possesses of " wetting " glass. By this we 

mean that the water tends to spread itself as widely as 

(possible over the surface of the glass. The reason for 

/this will be discussed later (p. 33), but for the present 

the fact may be taken for granted. In consequence of 

the " wetting " a thin layer of water will rise on the walls 

of the tube. We can, therefore, represent this stage as 

in Fig. 2 \ where only the walls of the tube are covered 

with a thin film, the interior being free from water. 

The surface of the water in the tube is represented by 

ABCD. But in consequence of the surface tension this 

surface will tend to diminish and take up the form of 

Fig. 2 2 , to accomplish which water must be raised. 

Since in the surface ABCD only the points A and D are 

fixed, we can consider the force which raises the water 

to be the pull which is exercised by the line of the 

circular circumference ADA on the rest of the water. 

As soon as the weight of water raised becomes equal to 

ii 
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vmHu* of iW tuho and <r the surface tension constant. 
IV Wx^lU of the cylinder of water is rhrhs, where A is 
ita height of ascent and ** the specific gravity of the 
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Then 



and 



2irr<r = r\hs 
rhs 



<r = 



I 1 ' 



( 



that is to say, we can calculate the surface tension of the 
liquid from measurements of the radius of the tube, the 
specific gravity, and the height of the column of liquid. 
In this calculation it has been assumed that the " wet- 
ting" of the capillary by the liquid is complete, i.e. that 
[the edge of the meniscus approaches the wall of the 
;ube quite gradually (Fig. 3 left). According to G. 





Fig. 3. 

Quincke, there is generally in practice a well-defined 
angle a between the direction of the meniscus and 
the wall of the tube (Fig. 3 right). The surface tension 
at the point A does not then act vertically upwards, 
and the weight of liquid raised is only counterpoised by 
the vertical component of. the surface tension which is 
o- cos a. If a = as in the left-hand figure (perfect 
"wetting"), then cos a= 1. Otherwise the above 
formula becomes modified to 

rhs 



a = 



2 cos a 
13 
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II. 2. THE DYNAMICS OF SURFACES 

A second method consists in measuring the size of the 
•drops of the liquid when it flows from a narrow tube. 
If we consider water flowing out of a tube in a dis- 
continuous manner with the formation of drops, we 
recognise that the drop is retained at the orifice by 
the tension in its surface. Only when the drop has 
grown so large that its weight is sufficient to overcome 
this tension is it possible for it to fall. The line of 
fracture of the surface is the line which has to support t 
the greatest weight, i.e. the circle which marks th4 
contact of the drop with the orifice. A very thin film ^ 
of water will be retained on the glass walls of the orifices 
by an adhesive force which is greater than the surface! 
tension. The falling drop does not break away from 
the glass tube itself, but from the adhering film oi 
water. At the instant when the drop is detached the 
surface tension of the water in a line equal to the 
circumference of the orifice, is overcome by the weighl|; 
of the drop, and therefore 

o-27rr = s 
where s is the weight of the drop. This gives 

s 



(T = 



277T 



The weight of a falling drop can be obtained either by 
means of the balance, or by counting the number of 
drops which are formed by the flow of a known volume 
of the liquid from J. Traube's " stalagmometer. ,, We 
need not discuss here the further complications of the 
theory of falling drops, since they do not lead to any 
conclusions valuable for our purpose. 

14 
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SURFACE AS SEAT OF MECHANICAL FORCES II. 2. 

I Another good method, worked out by Whatmough, 
[depends upon the measurement of the pressure which 
s necessary to expel bubbles of air from a narrow tube 
which dips into the liquid. 

There are still many other methods for the measure- 

ent of surface tension which are described in text- 

ooks of physics. Only the following two will be briefly 

utlined, since, as Freundlich has pointed out, 1 they 

ave special features of some importance, 

Dupre 2 measured the surface tension by means of 
e height of a stream of water forced upwards through 
narrow opening, and Lord Rayleigh 3 determined it 
cm the deformation which is produced in a stream of 
quid flowing from an elliptical orifice. Such a stream 
sumes a .circular cross-section at a little distance from 
tlhe orifice, and a little further away again resumes its 
elliptical form with an exchange in the positions of the 
major and minor axis. The result is an oscillating 
stream with a definite frequency, and from the frequency 
it is possible to determine the surface tension. 

The special characteristic of these methods is that 

the measurement is made upon a newly formed surface, 

whereas in the capillary method, the surface has 

reached a steady state when the measurement is 

- made. For pure liquids this difference in the method 

[ of measurement does not lead to variable results, but in 

1 H. Freundlich, Die Adsorption in Losungen, Z. physik. Chem., 
y 1907, 57, 428, footnote. 
g \ 2 Dupre, Travail et forces moleculaires % II. Partie, p. 422. Quatr. 

I proc&te ; Eooulement, Ann. China. Phys., 1866, (4), 7, 422. 
J ' 3 Lord Rayleigh, On the Capillary Phenomena of Jets, Proe. Roy. 
Soc, 1879, 29, 71. 
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II. 3. THE DYNAMICS OF SURFACES 

the case of many mixtures the surface tension diminishes 
when the liquid is allowed to stand for some time; 
The reason for this change will be explained later. Ii 
such cases the tension in the fresh surface is called 
dynamic, while the definitive tension in an old surfac! 
is described as static. 

3. Surface Energy.— If we describe surfac 
tension as a force, it follows that work can be performe 
by its operation. Where a surface disappears 
diminishes, the force is available for the production 
work, and where new surface is formed work must 
done against the force. The more the surface 
extended the more work must be done. Since we ha 
seen, however, that the surface tension constant is ind 
pendent of the extent of the surface, it is necessary 
introduce the area as a second factor in the determine! 
tion of the power of the surface to do work. Th 
power to do work we call energy, and in the measure*- 
ment of surface energy we must, as Ostwald ha* 
demonstrated, consider the surface tension together 
with the area of the surface. When either of these 
factors is zero then the surface, energy is zero. Con- 
sequently the surface energy may be taken as the 
product of the two quantities, just as all other forms 
of energy are measured as products. For example, 
electrical energy is the product of a quantity of 
electricity into a difference of potential, volume energy 
is the product of a pressure into a change of volume, 
and so on. Surface energy, then, is the product of the 
surface area into surface tension 

fl = o>. cr 
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Here 11 is the surface energy, a> the surface, and <r the 
surface tension constant. 

The two factors, whose product represents a quantity 
Lof energy, can usually be clearly differentiated. One 
[factor may be represented as a " force," the other is 
tlways the measure of some quantity such as expansion, 
rize, volume, surface area, etc. Ostwald has very con- 
>r r eniently called the first factor the " intensity factor " 
• abd the second the " capacity factor." If different 
I {[arts of a system exhibit differences in regard to the 
intensity factor of any form. of energy, there will always 
\ be a tendency to equalisation. The intensity factor of 
heat, for instance, is temperature, and differences of 
i temperature always tend to disappear. On the other 
hand, there is no tendency towards the equalisation of 
differences in capacity factors. If two bodies have the 
same temperature but different capacities for heat, they 
may be placed in contact without any transfer of heat 
taking place. In the case of surface energy the surface 
tension is apparently, at first sight, the intensity factor, 
and the size of the surface the capacity factor. If there 
is in an isolated system any inequality in the intensity 
factor of surface energy, the inequality should tend to 
disappear. In all systems, of course, the surface tension 
is found only in the surface, its value in the interior of 
the liquid being zero. Therefore the surface tension 
will always tend to diminish as far as possible. In the 
case of a chemically pure liquid, there is no possibility 
of any change which will reduce the. surface tension 
below the characteristic value for that liquid. We 
shall, however, shortly meet with other cases where 
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II. 3. THE DYNAMICS OF SURFACES & 

changes can take place which result in a reduction J? 
surface tension. Now experience shows that the other 
factor of surface energy, namely the area of the surface, 
always tends to become reduced to a minimum value. 
An explanation of this behaviour on the basis of the 
molecular hypothesis has already been given. We can, 
in other words, represent the area of the surface as an 
intensity factor, and we must therefore conclude that 
the resolution of surface energy into intensity and 
capacity factors is somewhat ambiguous. The system 
of Ostwald cannot be applied in this case without 
confusion. The one definite conclusion which can be 
stated is that surface energy tends to diminish as far as 
possible in all cases by all conceivable means. This! 
fundamental principle accounts for numerous important 
changes, not only of form and shape, but also of 
chemical constitution in the living organism. The 
quantities of energy which are located in surfaces are 
not at first sight of remarkable magnitude. The pro- 
duction of a water surface of 1 sq. cm. requires an 
expenditure of only 70 ergs = 7 X 10~~ 7 kg. meters 
= 1*7 X 10" 6 small calories. Notwithstanding this, one 
of the factors of surface energy, viz. the area of the 
surface, has such an enormous value in living organisms, 
that living matter must have a remarkably large 
amount of energy accumulated as surface energy. 

According to the above principles the effects of 
surface energy can be divided into two groups, first 
those produced by the tendency of the surface tension 
to diminish, and second those produced by the tendency 

of the area of the surface to diminish as far as possible.. 
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The first principle will be referred to as that of the 
* maximum reduction of surface tension, the second as 
J the principle of maximum surface contraction. 

4. Surface Contraction. — The principle of 

aximum surface contraction may be illustrated in 
lie simplest manner if we consider a fixed quantity 
f liquid, which for some reason or other has assumed 
form which does not satisfy the condition of minimum 
j surface. For example, if two non-miscible liquids 
/ bkive been divided by shaking into a system of drops, 
the drops, if left to themselves, will gradually aggregate 
into larger ones. The final form in the absence of 
gravity would be a single large sphere, but under 
the action of gravity the liquids become separated by 
a horizontal surface. 

This simple process, however, only takes place in 
the case of perfect liquids which have no form-elas- 
ticity, i.e. which offer no resistance to a change of 
shape. If we have an imperfect liquid, more or less 
jelly like, possessing a certain amount of form-elas- 
ticity, distributed in small drops throughout a liquid 
phase, then the action of surface tension in causing 
the union of small drops to larger ones is subject 
to limitations. For instance, two small globules of 
a jelly-like substance, suspended in a perfect liquid, 
may as a result of their motion come into contact with 
each other, and then, under the influence of surface 
tension, they will tend to unite, forming first a dumb- 
bell shaped mass, and finally, by the steps indicated 
in the figure, a single sphere.. How far this process 
will continue depends on the elasticity of the liquid. 
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No further change will take place when the tendency 
of the elasticity to resist the change of shape is equal 
to the tendency of the surface tension to reduce the 
surface area to a minimum. In biology it is frequently i 
necessary to consider cases in which semi-liquid system's* 
of relatively great form-elasticity come into contact. 
In such cases an appreciable change in the surface 
is not possible on account of the great resistance offeree? 
by the elasticity. The change proceeds further, ho 
ever, in either of the following contingencies : (a) 3 
from any chemical or physical cause the consistency o 
the particles changes in such a way that the elasticity 



oocoo 




/ 2 3 

Fig. 4. 

is diminished (e.g. by a change from a stiff to a sticky 
jelly) ; or (b) if for any reason the surface tension at 
the boundary between the two phases is increased 
(e.g. by a diminution in the electrical potential of the 
surface). The two conditions may of course act in 
conjunction with each other. 

The action of surface tension on gelatinous sub- 
stances is therefore to promote the union of previously 
separated particles. ■ When it brings about the union 
of coarsely microscopic particles to macroscopic lumps, 
this action is called agglutination, an expression which 
finds special use in connection with the aggregation 
of cellular elements. When the action causes the 
union of finely microscopic or ultra -microscopic particles 
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it is called flocculation or coagulation. From what 
has been said above it follows that the agglutination 
and coagulation are produced when either the surface 
I tension has a specially high value, or the opposing 
[/elasticity is very low. 

Up to this point we have assumed that the surface 
tension of a particle is uniform over its whole surface, 
hich is always the case for a single liquid. In 
structures such as living cells, however, which consist 
of complicated mixtures of different substances, sudden 
differences of surface tension between different parts of 
the surface may arise, caused by local changes of com- 
position under the action of stimuli. If the surface 
tension in the circum- ^ — ^ 
ference of the circular f \ A f \A 

cross-section of the cell N^. >^ B >^^/b 

(see Fig. 5) suddenly * 2 

Fig. 5. 

increases m one portion 

AB, the sphere will tend to become flattened in 
this neighbourhood. If the surface tension at AB 
suddenly diminishes, then the shape will change as 
in Fig. 5 (2). Generally speaking, the total surface 
energy has a minimum value, e.g. if <r is the surface 
tension, and a> the area of one of the sections, and 
cr' the surface tension, and a/ the area of the other 
section, then the surface energy 

will reach a minimum value, owing to the progress 

of changes in a> and a/. The portion of the surface 

in which the tension is greatest will become as small 
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as the conditions allow, and the other portion will 
become correspondingly great. This is obviously the 
mechanism of the amoeboid movement of protoplasm ; 
the local changes of surface tension are probably caused 
by the presence of products of local fermentative pro4 
cesses taking place under the action of stimuli. The 
principle of surface contraction also explains whj 
many substances move rapidly to and fro in various 
directions when they are placed on the surface 
water. A well-known substance which exhibits th 
property is camphor, and others are glacial acetic aci 
phenol, benzoic acid, potassium, calcium, and mag 
nesium buty rates, etc. When the motion has per- 
sisted for a little while it ceases completely, while if 
the water is previously saturated with the substance 
under observation no motion takes place at all. The 
explanation depends on the fact that a solution of 
camphor has a lower surface tension than pure water. 
When a piece of camphor comes into contact with 
water it becomes surrounded by a layer of saturated 
solution. The difference in surface tension between 
this layer and the rest of the water is the cause of 
disturbances in the surface which result in the motion 
of the particles of camphor. As soon as the solution 
becomes saturated the surface tension is everywhere 
the same, and no further disturbances can be produced. 

5. The reduction of Surface Tension. 
Mechanical Adsorption. — In a chemically pure 

liquid there is no possibility of a reduction of surface 
tension, and so long as the area of the surface remains 
unchanged no work can be done by the surface tension. 

22 



SURFACE AS SEAT OF MECHANICAL FORCES II. 5. 

When the liquid is a mixture of several chemical in- 
dividuals the state of affairs is different. For example, 
1 the surface tension of acetic acid % is less than that of 
i water, and the values for mixtures of these two sub- 
jlstances are intermediate between those for the pure 
^•liquids. 

TABLE II. 

Influence of Some Substances on the Surface Tension of Watee. 

(The surface tension of pure water is taken as unity.) 



Concentration 






T 










of solution 


Methyl 


Ethyl 


lso- 
propyl 
alcohol. 


Isobutyl 


Amyl 


Gapryl 


per cent, by 
volume of 


alcohol. 


alcohol. 

• 


alcohol. 


alcohol. 


alcohol. 


00 


1-000 


1-000 


1-000 


1-000 


1-000 


1-000 


005 












0-638 


0-4 








0-866 




(0-10%) 0-521 


10 


0-962 


0-933 




0-742 


0-594 


(0-16%) 0-444 


2-0 








0-640 






5-0 


0856 


0-785 


0-680 


(4%) 0-525 


(4%) 0-358 




10 


0-777 


0-682 


0-574 








20 


0-660 


0-568 










30 


0-590 


0-490 


0-395 








60 


0-458 


0-382 


0-330 









80 


0*392 


0-850 










100 


0-302 


0-302 


0-300 








[6 


Jee Duclaux, Ann. Chim. Phys., 1878, 13, 76. 


] . 
1. 


Per cent, by volume. 


Acetic acid. 


Butyric acic 


• 


0-5 




0-888 




1 


0-940 


0-752 




2 


0-901 


0-655 




5 


0-819 


051 




10 


0741 


0-41 




20 


0-644 






50 


0-514 






100 






0-396 





Although it has not yet been found possible to 
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represent the surface tension as a function of the con- 
centration, its value becomes gradually smaller as the 
percentage of acetic acid is increased. Consequently, 
a reduction of surface tension may be produced if the 
surface becomes richer in acetic acid than the rest of 
the liquid. This was first pointed out by Willard 
Gibbs l and J. J. Thomson, 2 and the idea has been 
further developed by H. Freundlich. 8 

We may, therefore, say that the surface tension 
exerts an attraction on the dissolved substance tending 
to draw it into the surface. The greatest conceivable 
reduction of surface tension would be reached when the 
surface layer was composed of pure acetic acid and all 
the water was in the interior of the liquid, but such 
a state of affairs cannot be attained on account of the 
opposition of osmotic forces. When a solution has its 
dissolved substance in different concentrations at 
different points the concentrations tend to become 
equalised by diffusion. An adsorption equilibrium is 
therefore produced in which the attraction of the 
acetic acid towards the surface due to the surface 
tension is equal to the opposed osmotic force. The 
analytical determination of this equilibrium may be 
attempted in the following manner, which differs some- 
what from the method of Gibbs. Assuming that 
equilibrium has been established, let the'surface tension 
be <r, the concentration of the solution c, and that of the 

1 J. Willard Gibbs, Scientific Paupers (London, 1906), Vol. I, p. 240. j 

2 J. J. Thomson, Application of Dynamics to Physics and ' 
Chemistry, London, 1888. 

3 H. Freundlich, Die Adsorption in Losungen, Z. Physikal. Chem., 
1907, 57, 885. 

24 




'* 



»_ * 



Sl/RFACE AS SEAT OF MECHANICAL FORCES II. 5. 

IreLrface layer C. Suppose now that the equilibrium is ( 

slightly disturbed by the passage of a very small 

quantity dx of adsorbable material into the surface, so 

that the surface tension falls by an amount da. In 

this way, if the area of the surface be a>, the amount 

of work obtained from the change in the surface energy 

is <ad<r. The osmotic work obtained from the diffusion 

C /*_. 
process is dxRT log -. /When one gram molecule of 

a substance is removed from a place where it is under 

the pressure P to a place where it is under the pressure 

p 
p, the work done is RT log — , and since the ratio of 

Jr 

osmotic pressures, at least in dilute solutions, is equal 

Q 

to the ratio of concentrations, this becomes RT log — 

Therefore, when dx gram molecules are transported, the 

q \ 
work done is cfoRT log —.) 

Now it is a characteristic of equilibrium that the 
algebraic sum of the various forms of energy produced 
by a small disturbance shall be zero. Therefore 

C 
corfo- + cfoRT log - = 

C may be written = y , where V is the volume of the 

surface film, and x the quantity of dissolved substance 
contained in it. Consequently 

dx = VdC 

C 
and <od<r + V . dC . RT log - = 

2 5 
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. C a> da "»*■*- 

h «c = "VTRTrfC 

V. 

— is the volume of the surface layer divided by th 

area of the surface. If we assume the surface layer t 

V 

be an extended thin parallelepiped, then — = 8, the 

thickness of the layer, and 

C_ 1 da 

log c " " 8 . RT dC 

i do- 
or C = tf.0 ""*•** #3 

Let us consider the meaning of the different members 
of this equation. C, the concentration of the adsorbed 
material, is not capable of experimental determination, 
but assuming that the thickness of the surface layer is 
practically uniform, the quantity of adsorbable material 
taken up by a given weight of adsorbent is at any rate 
proportional to C. The concentration of the solution 
c is easily determined. The thickness of the adsorption 
layer S cannot be determined directly, but we shall 
obtain a similar expression later in considering the 
kinetics of surface reactions, and perhaps we may as- 
sume by analogy with that case that 8 is equal to a 
few hundredths of a millimetre, and diminishes as the 
temperature rises. R is the gas constant and T the 
absolute temperature. 

-rp represents the influence of the dissolved sub- 
stance in reducing the surface tension. It expresses 

as a differential quotient the variation of the surface 
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tension with the concentration of dissolved substance 
Jin the surface layer and may be called the " surface 
tension reducing capacity " of the solute. 

In the above reasoning it has been assumed pro- 
visionally, that the surface layer is sharply defined from 
the rest of the liquid. This, of course, is not actually 
the case, and the transition, though rapid, is gradual, 
so that we get a corresponding continuous fall in con- 
centration from the surface to the interior of the solu- 
tion. Experimentally it is only possible to determine 
the total quantity of substance adsorbed, and not its 
concentration in the surface. The area of the adsorbing 
surface is also incapable of measurement if such ad- 
sorbents as powdered charcoal are used in order to get 
better effects. In such cases we only know that the 
surface is proportional to the quantity of charcoal used, 
provided the latter is of a uniform degree of sub- 
division, and is well mixed before use. 

In spite of these theoretical deficiencies we can 
deduce from the formula certain facts which agree with 
experience. The quantity of material adsorbed increases 
with the concentration of the unadsorbed material, i.e. 
the amount of adsorption increases as more substance 
is added, but there is no proportionality. Adsorption 
is always less at higher temperatures, and it is greatest 
for the substances which produce the greatest lowering 
of surface tension. 

Now it is obvious that a substance can only lower 
the surface tension when this has an original value 

greater than zero. -^ is a function of a and = when 
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<r = 0, that is to say, adsorption can only take place a 
surfaces which have a positive surface tension. If arr 
substance which is known to lower the surface tensio: 
at a water-air surface is not adsorbed from water b 
kaolin, we can conclude that the surface tension at ; 
water-kaolin surface is zero, and further that no othei 
substance will be meclianically adsorbed by kaolin. These 
conclusions are confirmed by experiment. The absence 
of surface tension between the two phases indicates, 
according to our previous argument (p. 8), that the 
cohesion of water is practically identical with its 
adhesion to the other phase. 1 

As a matter of fact a number of substances are 
adsorbed by kaolin, but we shall see later (p. 82) 
that this is a phenomenon entirely different from the 
mechanical adsorption we have just been studying. 

There is as yet no direct method available for the 
measurement of the surface tension at a liquid-solid 
surface, but we can nevertheless draw certain conclusions 
with regard to its limiting value from the extent of the 
adsorption by the solid of material dissolved in the liquid. 

We have only dealt hitherto with those solutes 
which lower the surface tension of the solvent. There 
are, however, also cases in which the surface tension is 
raised. In such cases the adsorption will be negative, 
i.e. the concentration of the adsorption layer will be 
lower than that of the rest of the solution. 

When a new surface is produced in a solution, e.g. 

1 We must here include under cohesion and adhesion the sum of all 
attracting and repelling forces between the molecules, both mechanical 
and electrical. 
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>y shaking, the concentration of the solute is at first 
Lniform in the whole solution, including the surface, 
md the surface tension has the definite value required 
3y this concentration. Very soon, however, there is a 
passage of solute into the surface layer due to adsorp- 
tion, accompanied by a diminution in surface tension. 
Therefore the surface tension of a new surface soon 
changes and different values are obtained by different 
methods according as they use fresh or old surfaces. 
The surface tension in the condition of equilibrium is 
static and may be measured by the capillary method. 
The surface tension of a new surface is dynamic and 
may be measured by the above-mentioned methods of 
Dupre and Eayleigh (p. 15). 

The substances, which in quite small concentrations 
distinctly lower the dynamic surface tension, are much 
more numerous than those which raise it. The reason 
for this important fact is given by Gibbs (loc. cit.) as 
follows. A substance which lowers the surface tension 
is adsorbed by the surface, and since it is the concentra- 
tion at the surface which determines the change in 
surface tension, the adsorption brings about a further 
accentuated diminution. Solutions of such substances 
with quite minute total concentrations, have surface 
layers in which the concentration is relatively high. 
Conversely, when a substance raises the surface tension 
it is negatively adsorbed, and consequently the surface 
has a lower concentration than the bulk of the solution. 
As a result the influence of the substance on the surface 
tension is only exhibited to a relatively small extent. 

It is found in practice that certain substances which 
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have only a small influence (certainly not a lower in 
influence) on the surface tension of water are nevertheless 
adsorbed to a slight extent. To this class belong th.€ 
various sugars. 1 According to the above formula (p. 26 ), 

when -jp = " then C = ce° or C = c 

i.e. there should be no adsorption. It is necessary, 
therefore, to find some explanation on other grounds. 
The solubility of a substance is known to depend to 
some extent on the external pressure ; if there is a 
contraction on solution, then an increase of pressure 
increases the solubility, and vice versd. It is therefore 
quite conceivable that a solute which has no effect on 
the surface tension, will divide itself between the surface 
layer and the rest of the solution according to the parti- 
tion coefficient which regulates its solubility under the 
differing pressures which prevail in the surface and in 
the solution. Under these conditions, in dilute solutions 

C = he 
where h is the partition coefficient. This formula does 
not agree very well with the results of experiment in 
the case of the sugars ; but it must be remembered that 
the concentration of the surface layer, if adsorption can 
actually be detected, must be very much greater than 
that in the solution. Consequently, even when the 
bulk of the solution is very dilute the surface layer is 
so concentrated that the laws of dilute solutions are no 
longer valid. The experiments might be repeated with 

1 Rona and Michaelis, Biochem. Zrits., 1909, 16, 489; Adler and 
Herzog, Kolloid.~Zeit8., 1908, 2, Suppl. Heft II. ; Herzog, Z. Physiol. 
Chem., 1908, 60, 79. 
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advantage in more dilute solutions than those hitherto 
used, in order to decide whether the results agree 
approximately with the above formula. 

In future it will be convenient, for the sake of 
brevity, to make use of the following expressions. A 
substance which leaves the surface tension of water 
unchanged will be known as " homoiotonic," and one 
which changes it as "allotonic." Those alio tonic sub- 
stances which lower the surface tension will be called |^ 
" bathotonic," and those which raise it " hypsotonic." 
Mechanical adsorption will then be a general property 
of bathotonic substances, and will be exhibited in 
exceptional cases by homoiotonic substances. 

6. Adsorption of Mixtures. — Up to this point 
we have only studied the case of adsorption from a 
solution containing a single dissolved substance. In 
biological processes this condition is scarcely ever ful- 
filled, and we are usually concerned with mixtures. 
If all the dissolved substances are bathotonic, they will 
all contribute to the lowering of the surface tension. 
If a bathotonic and a homoiotonic substance are present 
together, the presence of the latter will not interfere 
with the adsorption of the former, so long as it does 
not interfere with its effect on the surface tension. 
This condition will be approximately fulfilled when 
only dilute solutions are considered. 

When two bathotonic substances are present in a 
solution, their mutual influence with regard to adsorption 
may be explained by the following example. 1 

1 L. Michaelis and P. Bona, TJntersuchungen iiber Adsorption, 
Biochem. Zeitschrift, 1909, 15, 196. Masius, Dissertation, Leipzig, 1909. 
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If acetic acid and animal charcoal are both added 
to an aqueous solution of acetone, acetic acid will t>€ 
adsorbed at the charcoal surface because it lowers the 
surface tension. We may take it for granted that the 
" surface-tension-lowering influence " of the acetic acid 
will be greater for pure water than for water which 
has already had its surface tension reduced by the 

addition of acetone, i.e. -r is greater the greater the 

value of o\ 

Acetic acid will, therefore, be more strongly adsorbed 
from a pure aqueous solution than from a solution 
which also contains acetone, and, in general, each of 
two adsorbable substances will displace the other to 
some extent from the adsorption layer. The displacing 
power is in fact subject to the same rules as the 
adsorption itself* One substance displaces another to 
a greater extent, as the concentration of the displacing 
substance is increased, but the effect increases more 
slowly with the concentration when the concentration 
itself is higher. The more a substance lowers the 
surface tension of the solvent, the more it will displace 
another substance from the surface layer of that solvent 
Substances which are not themselves adsorbed have 
little or no effect on the adsorption of others. Those 
substances which are strongly adsorbed even from quite 
dilute solutions, are most susceptible to displacement 
by others. 

This mutual displacing effect during adsorption 
is found not only among bathotonic substances, but 
also among the few existing adsorbable homoiotonic 
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substances such as the sugars. The sugars are dis- 
placed from the adsorption layer by other mechanically 
adsorbable substances, though attempts to explain the 
displacement are met with the same difficulties as the 
attempts to explain the adsorption itself (p. 30). 

7. Anomalous Adsorption and the Formation 
of Surface Membranes. — In certain cases the process 

of adsorption has a very important consequence. If 
the dissolved adsorbable material increases the internal 
friction (i.e. the viscosity) of the solvent, the accumula- 
tion of this material in the surface layer will give the 
layer a viscous consistency, and so increase its mechanical 
rigidity. In this way comparatively strong, unbreakable 
membranes may be formed at the surface. 1 Albumen, 
the albumoses, saponin, many colouring matters and 
soaps, are all examples of substances which fulfil the 
conditions necessary for the production of a surface 
membrane, i.e. they lower the surface tension and 
greatly increase the viscosity of water. 

Such membranes are sometimes formed in circum- 
stances in which they have an important bearing on 
the stability of emulsions. When a drop of oil is placed 
on the surface of water, the system has at first three 
boundary surfaces, water-air, water-oil, and oil-air. 
But the sum of the tensions in the oil-air and water-oil 
surfaces is less *han that in the water- air surface. The 
principle of maximum reduction of surface tension con- 
sequently requires that the oil shall spread itself over 

1 Ramsden, Z. physikal. Chem. (1904), 47, 342. M. V. Metcalf, Z. 
physical. Chem. (1905), 52, 1. H. Zangger, VierteljaJirsschr. naturforsch. 
Ges. f Zurich, 1908, 53,|408. , 
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the surface of the water so that the water-air boundary 
completely disappears. 1 

The spreading is, therefore, as great as possible even 
with very small quantities of oil, since a reduction of 
surface tension is achieved, when the oil-film is only a 
single layer of molecules. In living cells oily substances 
are always present in considerable quantity, not as in 
the foregoing example in coherent masses of consider- 
able size, but in the finest suspension, or what is usually 
called colloidal solution. The droplets of oil are at first 
almost uniformly distributed throughout the cell, but 
some of them tend, in consequence of the Brownian 
movement and other impulses, to find their way to the 
surface. When this happens the drop immediately 
spreads itself as a very thin coating on the surface of 
the cell. 

Such a heterogeneous system consisting of two 
liquids either totally or nearly immiscible has, however, 
a particularly important function in the construction 
of the cell. When a very finely divided substance 
corresponding to the oil is present in another medium, 
there are certain conditions in which the droplets cannot 
aggregate into larger drops, and a permanent suspension 
or colloidal solution is formed. The essential condition 
is that the surface tension between the aqueous solution 
and the oil drops shall be, for some reason or other,, 
practically zero. If we assume electrical disturbances 
to be absent, this is the case when a strongly bathotonic 
substance, such as soap, is present in the aqueous 
solution. In the case of an oil- water system there is 

1 G. Quincke, Fogg. Ann. (1870), 139, 80. 
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always a possibility of the formation of a small quantity 
of soap, particularly when the water is alkaline. The 
oil always contains a little free fatty acid, and the 
alkali would also very soon have a saponifying effect. 
The soap reduces the surface tension, and is, conse- 
quently, strongly adsorbed. The effect of the adsorp- 
tion is to cause still further reduction in the surface 
tension, and, consequently, a greatly diminished 
tendency for the oil drops to flow together. If the 
surface layer is made more viscous by the adsorbed 
material, the conditions for the stability of the emulsion 
are entirely fulfilled. 

As a general rule, therefore, a permanent suspension 
of a liquid which is not soluble in water may be 
obtained by adding to the water a bathotonic substance, 
i.e. one which is adsorbed by the surface of separation 
of the two liquids. This emulsifying power, however, 
is not possessed by all bathotonic substances, but only 
by those which raise the viscosity of the water to 
produce surface layers of marked rigidity. Too little 
importance is often attached to this limitation, but 
substances like alcohol, acetone, and ether which, 
although they lower the surface tension also lower 
the viscosity, cannot have an emulsifying effect because 
the absorption septa are too easily fractured. On the 
contrary, an extremely bathotonic substance like ether 
will cause most foams to subside, since it displaces from 
the adsorption layer a considerable quantity of the 
material which is responsible for the rigidity of the film. 1 

1 A foam is analogous to an emulsion, being a suspension of a gas in 
a liquid, while an emulsion is a fine suspension of a liquid in a liquid. 
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The following are bathotonic substances which 
increase the viscosity of water : — soap, saponin, salts of 
the bile acids, gum-arabic, gelatine, albumen, and the 
albumoses. They are, therefore, used as emulsifying 
agents and their aqueous solutions will yield lasting 
foams when shaken. The membrane formation in 
solutions of such substances is easily recognised under 
varying conditions and often without any special mani- 
pulation, since a solid layer of considerable mechanical 
rigidity separates at the surface on standing, even 
when evaporation is prevented. Metcalf 1 has made 
direct measurements of the strength of such surface 
membranes. The phenomenon of membrane formation 
is responsible for a very important complication in the 
surface conditions. In the case of liquids of low 
viscosity the whole of the rigidity of the surface, which 
requires, for instance, that a drop of liquid flowing from 
a tube shall attain a certain definite weight before it 
falls, is caused by the surface tension. Where a surface 
membrane has been formed, however, the rigidity is 
due not only to the surface tension, but also, and often 
to a much greater extent, to the mechanical strength of 
the membrane. If, for example, a quantity of soap 
solution is introduced into the framework described 
on p. 9, and the weight attached, the measurement 
made includes not only that of the true strength of 
the surface, i.e. surface tension, but also the rigidity of 
the soap membrane which is formed at the surface. 
Consequently, with such substances it is found that 

1 Metcalf, Z. jphysik. Chem., 1905, 52, 1. References to other litera- 
ture are given. 
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capillary phenomena are fundamentally modified. If 
a solution of albumen, for instance, is allowed to rise 
in a capillary, it is found after a time that within 
comparatively wide limits, its meniscus will maintain 
any position into which it is brought, or at any rate 
that it will only very slowly take up the true position 
demanded by the surface tension ; it behaves as if the 
solution adhered with some tenacity to the wall of the 
capillary. Since we are almost exclusively concerned 
in living organisms, with such albuminoid solutions, it 
follows that the laws of capillarity in the organism arc 
very widely different from those in less viscous fluids, 
a fact which is not as yet properly appreciated. 

Substances of this group have a second special 
characteristic. While with all " normally adsorbable " 
substances the process of adsorption is a perfectly 
reversible one, the adsorption of substances like albumen, 
the albumoses, dyestuffs, and soaps, is entirely, or almost 
entirely, irreversible. When charcoal, laden with 
adsorbed albumen, etc., is washed with water, the 
adsorbed material does not go back into solution to any 
appreciable extent, as demanded by the new conditions. 
In explanation of this phenomenon it is only possible 
to offer opinions, but perhaps the following preliminary 
suggestions may be put forward. If an ordinary, 
readily diffusing, substance is dissolved in water and 
the solution shaken with charcoal, then the equilibrium 
difference of concentration between the surface layer 
and the body of the solution which is demanded by the 
laws of adsorption, is more rapidly attained than it 
would be if mere diffusion were at work. A thin layer 
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of water, however, adheres so closely to the charcoal 
that it moves with the charcoal particles and is not 
disturbed by the shaking. We shall return to the 
consideration of such adhesion layers later (p. 108). 
The transport of dissolved substance through the 
stationary layer is not assisted to any extent by 
shaking, and this portion of the process which is 
necessary for the attainment of equilibrium, depends 
entirely on pure diffusion. Hence if we are dealing 
with substances which only diffuse extremely slowly, 
the ready attainment of equilibrium is rendered 
very difficult by the slowness of the diffusion process. 
We know, however, that the equilibrium is easily 
reached from one side, i.e. by the progress of adsorp- 
tion, while the process is not accelerated in the direction 
of the solution of previously adsorbed material. It 
appears, therefore, as if it were possible by shaking to 
accelerate the movement of feebly diffusing material 
towards the carbon surface, but not the movement 
away from the carbon surface. It is not yet possible, 
however, to account in any way for this conjectured 
behaviour. 

There is also a third quite puzzling phenomenon 
amongst this group of substances. We have seen that 
when two adsorbable substances are present together, 
each reduces the adsorption of the other. This law 
only holds for normal adsorption. When a normal 
and an anomalous substance are present together, the 
one has no effect on the adsorption of the other. It 
has been proved, for example, that the adsorption of 
acetone (a typical bathotonic substance), or that of sugar 
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(a typical adsorbable homoiotonic substance), is in no 
way affected by albumen, albumoses, or, so far as has 
been investigated, by dyestuffs. 1 

This phenomenon may be described as the non- 
validity of the law of displacement for mixtures of 
simple crystalloidal substances with colloidal or highly 
viscous substances which are subject to "anomalous 
adsorption. ,, 

Although high viscosity, feeble diffusing power, 
and colloidal character of the solution are all to some 
extent involved together in anomalous adsorption, it 
must not be assumed that all these properties have the 
same significance. Uncertainty in this respect is due 
to the fact that it is not yet decided which of these 
properties is primarily responsible for the special 
position with regard to adsorption. All such sub- 
stances investigated up to now have all three properties. 
The circumstance that sugar which is normally and 
reversibly adsorbed, has a considerable effect on the 
viscosity of water, but diffuses readily, is evidence for 
the view that anomalous adsorption is principally due 
to feeble diffusive power. 

Finally, substances which are anomalously adsorbed 
show a fourth characteristic. The adsorption of normal 
substances depends on the concentration of the sub- 
stance in the surrounding solution, but that of anomalous 
substances depends almost entirely upon the absolute 
quantity present. For example, 1 grm. of charcoal 
will adsorb a greater portion of 1 grm. of acetone when 

1 Masius, loc. tit. Masius does not give this explanation of his 
experiments. 
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the amount of solvent (water) is diminished. In the 
adsorption of 1 grm. of albumose by 1 grm. of charcoal 
it is practically of no importance, how much water is 
used to dissolve the albumose. 

8. The (Empirical) Formulae for Adsorption 

Equilibrium. — There are two empirical formulae 
which represent the equilibrium between adsorbed and 
dissolved material in a satisfactory manner. The 
older expression due to Kiister, 1 Schmidt, 2 Appleyard 
and Walker, 3 and W. Biltz, 4 is 






(1) W*^p 



or (2) C 2 = KV 

where a is the total quantity of adsorbable material, 
x the adsorbed quantity, m the quantity of adsorbent 
(which may be taken as proportional to the adsorbing 



x 



surface), and v the volume of the solution ; — is conse- 

m 

quently the "concentration" of the adsorbed substance 

a "• x 
in the adsorbent (= C,), and the concentration of 

the unadsorbed portion in the solvent (= C 2 ). The 
actual value of the constant k has not yet been deter- 
mined with accuracy, since it is not possible to measure 
the surface of a finely divided substance. Comparative 
values can, however, be obtained by using adsorbent 
from the same source and in the same state of sub- 

1 Kuster, Z.phydk. Chem., 1894, 13, 445. 

2 G. C. Schmidt, Z. physik. Chem., 1894, 15, 56. 

3 Appleyard and Walker, J. C. S., 1896, 69, 1334. 

4 W. Biltz, Ber , 1904, 37, 3138. 
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division. The value of the exponent is definite and 

characteristic for each substance and varies only with 

the temperature. Its significance, however, is not at 

all clear. 

1 
The value - is usually about 0*5, although it is 

sometimes as low as 0*2 or as high as 0*8. In a very 
large number of cases the deviations from 0'5 are so 
small, that it is a matter for doubt whether the 
exponent is not always 0*5 within the limits of experi- 
mental error. 

A formula such as the above, especially one with 
an exponent which is an integral or a simple fraction, 
is very similar to those which are derived from the 
law of mass action or from Henry's partition law* The 
second of these laws in particular seems to offer some 
information on the nature of the process, and suggests 
a closer comparison. If a substance is divided between 
two solvents, and its molecular weight in one solvent 
is n times, and in the other m times the smallest mole- 
cular weight conceivable on theoretical grounds, then 
Henry's partition law applies as amplified by Nernst, i.e. 

i 

— i-r =■ constant 



G 



m 



or — n = constant 

C 2 - 

If the adsorbing material is looked upon as a solid 
solvent, we can attempt to represent the adsorption 
law as a simple partition law between two solvents 
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n 



— is then C l9 — is CL and JcC x = C 2 . If — = 

m v m 

about 0*5, as is frequently the case, it follows that the 

adsorbed substance has twice as great a molecular 

weight in water as in the adsorbent. This is, however, 

in many cases inconceivable. In the case of acetone, 

for example, the law would imply that its molecular 

weight in water was twice as great as in solid solution 

in the charcoal. But acetone dissolved in water 

has been proved to have the smallest conceivable 

molecular weight, and not to be associated to form 

double molecules. It is apparent, therefore, that the 

agreement between the adsorption formula and the 

partition law is only accidental. We cannot deduce 

from it a theory of adsorption as a process of solid 

solution in the adsorbent ; in fact, it is directly opposed 

to such a theory. 

When we attempt to decide in what way the 

" adsorbability " of a substance must be defined, we 

are led to the conclusion that for its definition two 

constants are always necessary. Since the constant - 

is in general not very different from 0*5, the adsorb- 
ability may be defined approximately as the value 
of k in the above equation. The action of equal 
numbers of molecules of different adsorbable substances 
in lowering the surface tension is indicated by the value 

of Jc, while the exponent - is connected with the 

relation of this lowering of surface tension to an 
increasing concentration of the substance. 

4* 
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The second formula for the adsorption equi- 
librium, due to Freundlich, 1 is to some extent rational. 
Freundlich found the relation between quantity of 
charcoal and adsorption empirically in the following 
manner. If a system consisting of charcoal and 
solution already in equilibrium is taken, and a little 
more charcoal is added to it, but no more dissolved 
substance, then further adsorption takes place, the 
quantity adsorbed being proportional to the concentra- 
tion of the non-adsorbed substance in solution. 

dx __ x a — x 
dm v 

From this we obtain by integration 

«i og _^ =x 

m ° a — x 

Of course it is not possible to say anything a priori 
with regard to the significance of X. It appears empiri- 
cally that it is proportional to a negative fractional 
power of the concentration before adsorption 

when a is the proportionality factor, the exponent. 

The adsorption equilibrium is therefore given by 



fl 



I 



In order to bring the two apparently different 
formulae into agreement Freundlich expanded the 
exponential portion of his formula by means of the 

1 H. Freundlich, loc. cit. 
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binomial theorem, and the logarithmic portion by 
means of Taylor's theorem. Neglecting the higher 

members of the series, and assuming that - = ^, the 

other formula can then be deduced from the Freundlich 

expression. Since is usually about \> both formulae 

are found to agree satisfactorily with the facts. The 
logarithmic expression of the older formula is 

lo S c i = p lo S C 2 + log k 
and that of the Freundlich formula 



log\= - -log - + log a 

These two equations both represent straight 
being of the type 

y -= ax + b 



lines, 



/.5 



log / — log ) I O 



• 



1 - 
-2.5 -2.0 «/.5 -1.0 -0.5 g * 

Fig. 6. 



The straight line corresponding to the Freundlich 
equation (Fig. 6) falls obliquely to the axis of x, the 
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other one (Fig. 7) rises when similarly plotted. The 
angles of inclination of the two lines are together 
equal to 90°, the tangents being the characteristic 

exponents - and - 
n p 

i x 

m 
+0-5 



-0-5 





■ 
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It was mentioned above that in the case of anoma- 
lous adsorption the volume of the solvent has often no 
influence on the degree of adsorption. This means 
that in the older formula the exponent is zero, 



x 

m 

. x 

i.e. - 

m 



- ^) 



= Jfc 



The volume thus disappears from the equation, and 
with it the total amount (a) of adsorbed substance, 
which means that the quantity adsorbed is inde- 
pendent of the total quantity dissolved. A little 
reflection will show that this condition is naturally 
only fulfilled with certain limits. 
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For anomalous adsorption the Freundlich equation 
would have the exponent 1 



v_ a _ /aV~ l 

m °a — x ~~ a \ v ) 

i.e. log =r a. 1 — 1 



In this case, therefore, a? is a function of a but not of v f 
an assumption which is legitimate in a wider sense than 
the previous one. 

TABLE III. 
Some Adsorption Constants for Animal Charcoal. 

Since the same kind of charcoal was used in each case, the constant 
& or a is an approximate measure of the " adsorbability " of the sub- 
stance ; k and - are the constants of the ordinary equation, a and - 

p n 

those of the Freundlich equation. 





k 


1 
P 


a 


1 

n 


Author. 


Formic acid . . . 






2-366 


0*549 


]k. Freundlich 


Acetic acid .... 


2606 


0-425 


2-999 


0*526 


»» 


Propionic acid . . . 


3-463 


0-354 


8-784 


0*606 




f 


Butyric acid . . . 






4-977 


0-699 




»» 


Monochloracefcic acid 






4375 


0-637 


• 


>» 


Dichloracetic acid . 






5-916 


0-553 




»» 


Trichloracetic acid . 






3 


0-7 




>» 


Succinic acid . . . 


4-426 


0274 


4*656 


0*757 




>> 


Citric acid .... 






4-385 


0-83 




>» 


Benzoic acid . . . 






19-23 


0-662 




)i 


m Nitrobenzoic acid . 


• 




43-4 


0-511 




n 


Picric acid .... 






4-955 


0-760 




n 


Benzene sulphonic acid 






2042 


0-777 




a 




5-212 


0-52 


2-74 


0-444 


L. Michaelis & Bona 








1-02 


0-61 


») 


Crystal violet . . . 






593 


1-11 


Freundlich & Losev 


New fuchsine . . . 






906 


0-814 


»» 


Patent blue .... 






253 


0-81 


ii 



46 



CHAPTER III 

THE SURFACE AS THE SEAT OF ELECTRICAL FORCES 

9. Introductory. — Generally speaking, every surface 
separating two phases is the seat of electrical forces. 
It is usual to distinguish between frictional electricity 
and contact electricity, and it is therefore necessary to 
consider both kinds in our treatment of surfaces. 

* 

From the modern point of view the difference be- 
tween the two forms may be expressed by saying that 
the material carriers of contact electricity, which are 
responsible for all galvanic phenomena, are the ions, 
while the method of transport of static or frictional 
electricity is not so well understood. Thus, in striking 
contrast with the historical development of our know- 
ledge of the two forms, the phenomena of contact 
electricity, which can be generally classified as ionic 
electricity, are now much more clearly understood, and 
it is with these phenomena that we shall be mainly 
concerned. It must not be assumed, however, that 
frictional electricity does not play an important part in 
biological process. Where a phase in a state of fine 
subdivision is floating in a liquid medium, opportunities 
for the generation of frictional electricity are amply 
provided by the movement of the particles against the 
liquid, which may be caused by convection currents, 
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by shaking, or even by Brownian molecular movement. 1 
It is only, however, in the case of ionic electricity that 
we have a clear idea of the mechanism involved, and 
this form will therefore receive most of our attention 
in the following discussion. 

Many atoms and groups of atoms possess the 
property of becoming charged with electricity, and the 
quantity of electricity which is attached to an atom or 
group is determined just as it would be if electricity 
were a chemical substance which could form atoms, i.e. 
the laws of constant and multiple proportions are 
applied. We may therefore add, as Nernst does, two 
new elements to the ordinary list, the positive electron 
© and the negative electron 0. These can combine to 
form a neutral electron according to the equation 
+ Q ^ C+-J * The facts and hypotheses which 
lead to this view are due particularly to Faraday, 
Helmholtz, and Arrhenius, while the resulting atomic 
conception of electricity has been developed by Nernst. 

Whatever view be taken of the actual truth of Nernsts 
hypothesis, it is a valuable working tool for physico- 
chemical purposes, and it furnishes an interpretation of 
all the facts of contact electricity. We can therefore 
attempt to represent the affinity of the various atoms 
for the atoms of positive or negative electricity in the 
same way as chemical affinity, and apply to it the law 
of mass action. If we take the constant of the law of 
mass action as a measure of this affinity we obtain an 
equation such as the following : — 

*[A].[e;r=[A + + ...] 

1 J. Perrin, J. Chim. phys., (1904) 2, 50. 
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Here [A] represents the concentration of free atoms, [©] 
the concentration of free electrical particles, n the 
valency, and [A+ + . . .] the concentration of the ions 
of valency n. Since the free particles of electricity can 
only result from the very slight dissociation of the 
neutral electrons G--Q , the concentration of free particles 
is proportional to the square root of the concentration 
of the neutral electrons. The neutral electrons are 
believed to be present in very large quantities in all 
bodies, so that the concentration of the free electrical 
particles may always be considered as constant, and the 
equation becomes simplified to 

'jb[A] = [A++...] 

i.e. for a particular kind of ion the concentration of the 
ions has a characteristic ratio to that of the uncharged 
atoms. The quantity h is the affinity constant. In com- 
parison with other affinity constants, electrical affinity 
constants of this type appear to be generally extremely 
small, but they have very different values for different 
atoms. 

In any case, however, we may assume the existence 
of an " affinity " as defined in the above sense between 
atom and electron. 

10. The differences of Potential between 
Simple Metallic Surfaces and Solutions.— If we 

start with the usual simple example, i.e. a pure metallic 
surface such as silver immersed in a liquid, we arc 
dealing with a two-phase system, and if the liquid 
chosen is a dilute solution of a silver salt, then both 
phases contain silver atoms and silver ions. Although 
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the concentrations of silver ions in the metal and of 
electrically neutral silver atoms in the solution are 
both extremely small, there is nothing to prevent their 
values being used in a theoretical treatment of the 
subject, provided that they are quite sharply defined. 
Now if a simple chemical substance is divided between 
two phases the partition takes place according to the 
following general law. The concentration of the sub- 
stance in one phase bears a definite ratio to its con- 
centration in the other (Henry-Nernst partition law). 
This ratio is called the " partition coefficient " of the 
substance. We can foresee to some extent the magni- 
tude of the partition coefficients of the substances we 
are now considering. The quantity of ionised silver 
in the metal is so small that it has not yet been directly 
detected, while the quantity of silver ions in the 
solution may be considerable. The partition coefficient 
of the ions in the direction silver-water is, therefore, 
nearly zero. Conversely the partition coefficient of 
electrically neutral silver atoms is practically infinite, 
or in other words the silver ions in the system are al- 
most entirely in the solution, while the silver atoms are 
almost entirely in the metal. The equilibrium of- the 
electrically neutral atomic silver is therefore given by 

[agj v v ' 

The quantities in brackets represent the concentrations 
of the corresponding particles, Ag representing the 
molecule of metallic silver, ag the atomic unionised 
silver in the solution. From the law of mass action 

[ag] = k 2 [ag + ] .... (2) 
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[ag + ] representing ionised silver in the aqueous solution. 
If we substitute the value of [ag] from equation (2) 
in equation (1) we get 

^ - * k - Tr 

[ag + ] "" Kx ' 2 " * 3 

which means that the concentration of the silver atoms 
in metallic silver bears a constant ratio to the con- 
centration of the silver ions in the solution. This con- 
stant is the relation between two measurable quantities, 
and from this point onwards it will be possible to 
neglect the unmeasurably small concentrations of ions 
in the metal and atoms of free metal in solution. 
The above constant k 3 we will write P, and it 
will be called the solution tension (Nernst), or the 
electrolytic solution pressure (Ostwald), of silver. 
It is comparable with the vapour-pressure of a 
liquid. 

The above theory is not nearly sufficient to account 
for all the experimental facts. When a silver plate is 
immersed in water, practically no silver is dissolved in 
the ionised form, and when silver is immersed in excess 
of nitric acid the quantity dissolved is determined only 
by the solubility of silver nitrate in water and not at 
all by the above equation. There must, therefore, be 
a force at work which prevents the attainment of 
equilibrium according to the above law. This force 
is of an electrostatic character. When silver ions pass 
into solution from metallic silver, they carry away 
from the silver plate an enormous quantity of positive 
electricity (96,540 coulombs per gram-molecule), and a 
corresponding negative charge is left behind on the plate. 
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The two charges will attract each other with a very 
large force, and therefore we can imagine almost the 
whole process being reversed. The change will, in fact, 
only take place until the equilibrium is attained, i.e. 
until the electrical attraction is equal to the solution 
pressure. The process of solution, therefore, only pro- 
ceeds to such a minute extent, that the dissolved metal 
cannot be detected by analytical methods, and in its 
place a correspondingly large difference of potential 
appears between the silver plate and the solution. On 
the basis of this argument we are in a position to 
calculate the magnitude of the difference of potential. 
It must be equal to the force with which the ions tend 
to pass into solution. This force depends in turn on 
the number of ions already in solution, and is at its 
greatest when the number of ions is least. It is ap- 
parent, therefore, that in order to have definite con- 
ditions, the solution must contain silver ions in definite 
concentration arising, for instance, from silver nitrate. 
In studying such a system consisting of a silver plate 
immersed in a solution of a silver salt, we may imagine 
a small quantity of silver becoming ionised and dis- 
solved, without increasing the concentration of silver 
ions in the solution to a measurable extent. The new 
ions will be held in the immediate neighbourhood of 
the silver plate by electrostatic attraction, and will form 
a layer situated a minute but finite distance from the 
plate. Opposite to it on the plate will be a correspond- 
ing layer of free negative electricity. These two layers 
together form what Helmholtz has called an electrolytic 
double layer. 

5 2 



SURFACE AS SEAT OF ELECTRICAL FORCES III.io. 

In order to calculate the difference of potential we 
will apply a method used by Nernst, 1 which is generally 
applicable in the determination of equilibria ; we will 
assume the equilibrium point to be slightly overstepped. 
If the solution of the silver ions proceeds a little beyond 
the equilibrium point, the small quantity dm gram- 
molecules 2 of silver may be assumed to dissolve 
without altering the concentration of the solution to 
an appreciable extent. This means that dm gram- 
molecules of metal are removed from a place where 
their pressure is P (the electrolytic solution pressure) 
to a place where their pressure is p (the osmotic pressure 
of the dissolved silver ions), which involves the same 
amount of work as the expansion of dm gram-mole- 
cules of a gas from a pressure P to a pressure p. This 

P 

work is RT log - per gram-molecule, and therefore in 

the case under consideration the work dk = dmRT 

P 

log — . In realitv, of course, this work is not done. If 

it were the process would be reversed by the consump- 
tion of an equivalent amount of electrical energy 
until equilibrium was again attained. Electrical energy 
is measured as the product of the quantity of electricity 
moved into the difference of potential (E). 

Therefore 

P 
Ec/F = dm . RT log - 

o p 

1 W. Nernst, Die elektromotorische Wirksamkeit des Ionen, Z. 
yhyrik. Chem., 1889, 4, 129. 

2 The term gram-molecule means 108 grams of silver in the ionic or 
metallic condition, the particle of silver being monatomic in both cases, 
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E=^RTlog| 

^— represents the electricity carried by one gram- 

molecule of the ion. For purposes of numerical 
convenience, we will measure the mass of the ionised 
substance not in the ordinary manner, but in multiples 
of a unit which carries one coulomb of electricity (i.e. 

r/F 
il6 ? >40 of a gram molecule). In this case -y— = 1 and 

E = RTlog? 

P 

It is, of course, necessary to measure the constant R in 
the same units as the mass of the ions. Nernst calcu- 
lates that under these circumstances 

R = 0-861 x 10- 4 
Transforming natural into Briggsian logarithms, 

E = 0*000198 log 10 ? volts 

p 

The measurement of a single difference of potential 
offers great experimental difficulties, but it is quite 
easy to obtain the difference between two differences 
of potential, which is the electromotive force of a 
galvanic cell. If two electrode-systems are combined 
so that the metal plates are connected by a conducting 
wire, while the two solutions are in liquid contact, an 
electric current will pass if the differences of potential 
at the two electrodes are unequal. This is the case (1) 
when the two electrodes are of different metal, each 
immersed in a solution of one of its salts ; (2) when the 
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electrodes are of the same metal immersed in solutions 
of one of its salts of different concentrations ; (3) when 
the metal and the solution are the same, but the metal 
is present in different concentrations in the material of 
the two electrodes (e.g. in the form of amalgams of 
different composition) ; and (4) when the metal and the 
solution are the same, but the electrodes are at different 
temperatures. The surface of contact between the two 
liquids can also exhibit a difference of potential, but 
this is usually very small, and has not been considered 
in the above argument. 

If we can devise a method of determining P directly, 
it will be possible to calculate single differences of 
potential by means of the Nernst formula. Several 
such methods exist, but in view of the uncertainty of 
the results obtained by them up to the present, we will 
confine ourselves to the indication of their general 
principles. Helmholtz has shown that a mercury- 
dropping electrode will finally assume zero difference 
of potential against a solution of a mercury salt. Each 
drop of mercury becomes surrounded, as described above, 
with the electrolytic double layer and carries this to 
the bottom of the vessel. This process goes on till no 
more double layer is formed. Then the difference of 
potential becomes constant with a value of 0. Conse- 
quently if a galvanic cell is constructed with a dropping 
electrode and an ordinary electrode, it will have an 
E.M.F. equal to the difference of potential at the 
ordinary electrode. This principle was first applied by 
Ostwald, but the accuracy of the measurements is 
greatly affected by practical and theoretical difficulties, 
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so that only approximate values are obtained. A 
second method depends upon the relation between 
difference of potential and surface tension, which will 
be considered later. A capillary mercury electrode in 
contact with a solution of a mercury salt has a potential 
difference of zero when the surface tension of the 
mercury has a maximum value. If this maximum is 
attained in contact with a solution of known concentra- 
tion then the electrolytic solution pressure of the 
mercury can be obtained from the equation 

RTlog- = 

where P is the only unknown. 

A third method worked out by Billiter, 1 allows of 
the identification of the zero point in the following 
manner. A particle of metal suspended by a fine 
thread and immersed in a solution of one of its salts is 
placed between the two electrodes of a circuit through 
which current is passing. According as the potential 
of the particle is positive or negative it will be attracted 
by the cathode or anode. By varying the concentra- 
tion of the salt solution the sign and magnitude of the 
potential difference of the metal may be changed until 
it is not attracted either by the anode or the kathode. 
Under these circumstances the potential difference is zero. 

Freundlich and Makelt 2 have shown that the 
method of Billiter is to some extent unreliable, since 
it gives rise to further differences of potential and 
measures them in addition to the one desired. 

1 Billiter, Ann. phyrik., 1903, 11, 902. 

2 Freundlich and Makelt, Z. Elektrochem., 1909, 16, 161. 
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These methods give results which differ con- 
siderably among themselves, and as a satisfactory 
explanation of the differences is not yet forth- 
coming, the determination of a single difference 
of potential is a problem still to be solved. The 
Nernst formula for the determination of relative poten- 
tials has, however, been completely verified, so that the 
theory of the origin of potential differences between 
metals and solutions of their salts is also quite estab- 
lished. In our arguments, however, we shall often deal 
with single potential differences, and it is to be hoped 
that a reliable method for their determination will 
soon be discovered. 

Theoretical note on the justification for the use of 
infinitesimally small concentrations in calculations. — In 
the foregoing arguments frequent use has been made 
of extremely small values for the concentrations of 
substances (e.g. the silver ions in metallic silver) which 
cannot be detected by experiment. It is desirable that 
some explanation should be offered for this method of 
reasoning. Although the experimental measurement of 
the extremely small quantities cannot be carried out, 
we are still at liberty to assume that they have real 
values. Even if the values are not real but only 
" imaginary," and if the substances assumed to be pre- 
sent in such small quantities have in reality a concen- 
tration of zero, nevertheless the conclusions drawn from 
the calculations agree perfectly with experiment, when 
they are extended into the region of measurable quan- 
tities. An example from electro-chemistry will make 
this clear. If a silver salt be treated with potassium 
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cyanide, the silver ceases to exhibit the character- 
istic properties of silver ion and is mainly converted 
to the complex -Ag(CN)7 ion. This change is incom- 
plete, being regulated by the law of mass action, but 
very nearly the whole of the silver ion disappears. If 
a small quantity of potassium cyanide be added to a 
known quantity of silver salt in solution, and the.silver 
ion concentration determined by means of a concentra- 
tion cell, it is then possible to calculate from the result 
obtained the concentration of silver ions which would 
be found in the presence of normal potassium cyanide. 
The value obtained is 10~ 32 . Making the usual assump- 
tions with regard to the size of a molecule, this means 
that only three silver ions are present in 1 c.c. of solu- 
tion, and if we take less than h c.c, then the probability 
is that no such ion at all is present. But if such a 
quantity of solution is tested by means of the concen- 
tration cell, the experimental value for the silver ion 
concentration agrees exactly with the very small number 
which would be expected from the calculation. We 
are not yet in a position to clear away this apparent 
contradiction, 1 and it is still open to doubt whether the 
extremely small measured value of the Ag-ion con- 
centration corresponds to a real thing, or whether it 
is a mere number for purposes of calculation. Any 
calculations from this quantity, however, which have* 
for their results finite numbers, are just as valid as 
if the minute quantity itself were really correct. For 
example, if we work out the value of the potential of a 
silver electrode against a solution containing concen- 

1 Haber, Z. Elektrochem., 1904, 10, 433. 
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trated potassium cyanide from the calculated value of 
the concentration of silver ions in that solution, we 
obtain the same result as we should get by direct 
experiment. 

In the same way one may doubt the real existence 
of silver ions in metallic silver, or of silver atoms in a 
solution of a silver salt, but the measurable conse- 
quences of the presence of this unmeasurable quantity 
are none the less true. The advantage of the assump- 
tions is that they permit of the direct application to 
these electrodes of the partition law. 

This hypothesis is only one form of a more general 
method of reasoning, which is of great value and which, 
if carefully used, cannot yield erroneous results. If we 
know from our experience of a suitably chosen analo- 
gous example, that a particular species of molecule is 
capable of existing, then to all intents and purposes 
it does exist. It may be present in very minute or 
immeasurably small concentration, but conclusions as 
to measurable quantities may be freely drawn from 
data which relate to the minute quantity. We may 
consider such minute quantities to be fictions, but they 
are notwithstanding, fictions from which real conclu- 
sions can be reached. It is entirely a matter of taste 
whether one would rather work with such fictitious 
quantities, whose meaning is clear, or with complicated 
mathematical functions, such as thermodynamic poten- 
tial. They are only two methods of expression for the 
same thing, and it is probable that physiologists should 
be advised to choose the conception which can be most 
directly presented. 
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11. Metallic Mixed Potentials. — Up to this 

point we have only been concerned with the difference 
of potential when a single metal is immersed in a pure 
solution of one of its salts. It is now necessary to 
consider the state of affairs when both electrode and 
solution contain more than one metal. Suppose, for 
instance, a mixture of zinc and copper is immersed in a 
solution containing both zinc salts and copper salts. 
Then at first the zinc particles will have a fixed 
potential against the solution, and the copper particles 
another and a different potential. Such a state of 
affairs cannot, however, be permanent. If the copper 
potential is higher than that of the zinc, then the 
mixed potential will have a mean value, and the whole 
electrode will behave as if it had a lower potential than 
copper alone and a higher potential than zinc alone. 
But when by this process the difference of potential 
is brought to a value different from that which it 
would have with zinc alone, this value is not sufficient 
to put a stop to the emission of zinc ions, and conse- 
quently these ions pass into solution. On the other 
hand, the potential is too large for the copper equili- 
brium, and consequently copper is deposited from the 
solution. 

As a result of the change in the composition of 
the solution the single potentials of the copper and 
the zinc are changed and they approach each other 
until they have the same value. When this point is 
reached there is nothing to produce further change, 
and equilibrium is set up, but during the attainment 

of equilibrium the difference of potential has not a 
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fixed value but gradually changes with time. In this 
way we obtain the reaction 

Zn + CuS0 4 ^Cu + ZnS0 4 

and the end of the reaction is reached when the two 

partial potentials are equal to each other. Now a zinc 

electrode in a normal solution of zinc sulphate has the 

same difference of potential as a copper electrode in a 

10 -38 normal solution of copper sulphate, so that a zinc 

copper electrode is in equilibrium with a solution which 

is normal with respect to zinc sulphate and 10" 38 

normal with respect to copper sulphate. This means 

that the less electropositive metal disappears practically 

completely from the solution, and is replaced by the 

more electropositive. The electrode behaves, therefore, 

when equilibrium is attained, as though it contained 

only zinc. Consequently in mixtures of metals, it is 

usually only the more electropositive .metal which is 

responsible for the difference of potential. If the two 

metals do not differ very greatly as regards their 

solution pressures, it will be found that measurable 

quantities of both metallic salts remain in solution, 

and both metals may be said to be responsible for the 

potential difference. 

A platinum surface charged with hydrogen behaves 
exactly as if it were composed of a modification of 
hydrogen, which conducts like a metal, platinum being 
much less electropositive than hydrogen. In this case, 
however, the concentration of the hydrogen in the 
platinum is of importance, since, when this concentra- 
tion is increased, the solution pressure of the hydrogen 
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vi ir.K-r<****l. According to :Le partition I»w the ratio 
of the ettatxntml'M of hydrogen ions in the metallic 
phase to the concentration in the liquid phase has a 
definite value, and therefore the solution pressure of 
hydrogen is obviously proportional to the concentration 
of hydrogen ions in the metallic phase. These iocs are 
only present in anmeasnrably small concentration, and 
■aunot 1m:; detected analytically. Tbey may be looked 
upon, however, as resulting from the action 

H s + 2 © = 2H + 

and so according to the law of mass action 

[H*]' = J(H,] 

i.e. the concentration of the hydrogen ions is propor- 
tional to the square root of the concentration of 
hydrogen molecules. It is thus possible to obtain a 
hydrogen electrode, which exhibits varying differences 
of potential against the same solution of hydrogen ion 
(acid), by bringing a platinum electrode into contact 
with hydrogen and raising or lowering the pressure 
(/.c. increasing or decreasing the concentration of the 
alwiorbcd hydrogen). Two gases, which under similar 
conditions have very different solution pressures, could 
In 1 obtained with identical solution pressures by dissolv- 
ing them in platinum with suitable partial concentra- 
lintiH, Thus in the case of gases, mixed electrodes 
have due mixed potentials for which both constituents 
of llui mixture are of importance. The principal 
olniru.'loriatic of a mixed electrode, as compared with 
| tingle one, is that for the single electrode the 
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potential difference which is set up at the first instance 
is the final one and does not change unless the con- 
ditions are changed. With mixed electrodes, however, 
a chemical change begins which often continues for 
a long time, and it is not until this change is com- 
pleted that the difference of potential reaches its final 
definite value. 

12. Simple Binary Electrodes.— The surfaces 

whose potentials we have hitherto considered, have 
been purely metallic, belonging to electrodes which 
could only give rise to positive ions. Gas electrodes 
which can only give one kind of ion are of the same 
type, e.g. hydrogen gives rise to positive ions only, 
oxygen to negative ions only. 

We have now to consider surfaces which can produce 
at the same time both positive and negative ions. 
These are substances of electrolytic character which in 
aqueous solution are dissociated into ions. From a 
solid salt such as potassium chloride in contact with 
water, three kinds of molecular particle pass from the 
solid to the liquid phase, viz. KC1, K + and CI". The 
solid salt contains undissociated KC1 in greatly pre- 
ponderating quantities, and consequently it would seem 
possible that only this substance passes directly into 
the water, the ions appearing merely as a result of the 
consequent dissociation. It can be shown, however, 
that the solid salt does actually contain ions although 
only in very small quantities. This conclusion depends 
on the experimental fact that in the fused state, and 
for a considerable range of temperature below their melt- 
ing-points, salts exhibit a definite electrical conductivity 
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which is quite similar to the conductivity of aqueous 
solutions. 1 

For instance, Faraday's law, that equivalent quanti- 
ties of the various ions are liberated by equal quantities 
of electricity, is valid for solid salts as well hs for 
solutions. Direct observation of the electrical conduc- 
tivity of a solid salt is not always possible, but there 
is no distinct point at which the conductivity first 
becomes measurable. Barium chloride conducts quite 
well when fused, and still markedly just below its 
melting-point, while at lower temperatures it becomes 
impossible to detect its conductivity. Silver chloride, 
on the other hand, is a good conductor even at ordinary 
temperatures. Obviously, therefore, there is no gap 
between conducting and non-conducting salts, but a 
gradual transition corresponding to more or less pro- 
nounced electrolytic dissociation. The dissociation is, 
however, so slight that we cannot detect it except by 
conductivity or electrolytic methods. The experimental 
facts, however, justify the conclusion that solid salts 
possess an " electrolytic solution pressure " in addition 
to the ordinary solution pressure, and are capable of 
emitting ions directly into the solution. In this respect 
they are very similar to metallic electrodes, the main 
point of difference being that in the case of the salts 
only electrolytic conductivity and no " metallic " con- 
ductivity is possible. As a result of this difference salts 
play a part entirely different from that of metals in the 
construction of galvanic cells. So long, however, as 
we are only considering surface potentials (and not the 

1 Haber, Ann. Physik., 1908, 4, 26, 917. 
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actual passage of a current) this difference does not 
concern us. 

The theory of electrolytic electrodes has also been 
worked out by Nernst, and is a direct continuation 
of the theory of metallic electrodes. 1 We must first 
consider the stationary state in which equilibrium has 
been attained between water and salt, i.e. a solution 
has been produced which is saturated for the particular 
temperature under consideration. Suppose we are 
dealing with a salt BS which is dissociated in aqueous 
solution to form the two monovalent ions B + and S~. 
According to the Henry partition law the equilibrium 
between the solid salt and the saturated solution is 
defined by the existence of a definite ratio between the 
concentration of undissociated salt in the solid phase 
and that in the solution. There is, however, an 
exchange of material between the B + ions of the solid 
salt and those of the solution, and according to the 
partition law the ratio of the concentrations of B + ions 
in the two phases must have a definite value. The 
concentrations of S" ions in the solid and in solution 
are also subject to the same law. We have thus defined 
the position of final equilibrium. Such a state can only 
be reached, however, when the distribution coefficients 
of the two ions are, by a coincidence, equal to each other. 
In other cases the definition would require that unequal 
quantities of the anion and the kation should pass 
into solution. Owing to the action of electrostatic 
forces, however, the difference between the two quanti- 
ties cannot become measurable, and we must therefore 

1 Nernst, Z.phyrik. Chem., 1892, 9, 187. 
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assume that the quantities of anion and kation in solu- 
tion must be equal to each other. With regard to the 
actual values of the concentrations of the ions a certain 
amount of latitude is possible. If the concentrations 
chosen for consideration are such that the partition law 
is satisfied for the kation, then more anions may pass 
into solution. This process cannot proceed very far, 
since by its operation a potential difference accompanied 
by a double layer is produced. If, on the other hand, 
the partition law is satisfied for the anion it will be 
found that the kations are not in equilibrium. From 
these arguments it follows that of all the conceivable 
concentrations of the ions in the solution the ones 
which will be attained are those for which the potential 
difference due to the anions is equal to that due to the 
kations. 

The difference of potential due to the kations is 

P- 

KTlog- 
& p. 

where P' is the electrolytic solution pressure of the 
kations, and p' the osmotic pressure of the kations in 
solution. In the same way the difference of potential 
due to the anions is 

-RTlog|; 

where P' is the solution pressure and p the osmotic 
pressure of the anions. 

Equilibrium is only attained when these two 
differences of potential are equal, i.e. 

E = RT log?; = - RT log|;(= RT log^j 
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This expression determines not only the difference 
of potential but also the ionic concentration of the 
solution, since the concentration, and consequently the 
osmotic pressure, of the anion must be equal to that of 
the kation. 

We can also rewrite P # as the true osmotic pressure 
of the kations in the solid substance w multiplied by 
the distribution coefficient against water k', and in the 
same way P' = n'k' and consequently 

K = RTlog 7r |'=-RTlog^- . (l) 

Since, at any rate for dilute solutions, the ratio 
between osmotic pressures is equal to the ratio between 
the corresponding concentrations 

B = RTlog^=-RTlog^- . (2) 

where O and C are the concentrations of the two ions 
in the solid phase, and c and & the concentrations in 
the liquid phase. If we know k' and k' these ex- 
pressions define the difference of potential between a 
solid electrolyte and its saturated solution, and also the 
ionic concentration of the saturated solution. 

The concentrations of the ions in a saturated (or in 
any other) solution of an electrolyte are given by the 
law of mass action as follows — 

>{BS] = [B + ] x [S-] = c* = c' 2 . (3) 

Here [B + ] or c represents the concentration of the 
positive ion and [S~] or c that of the negative ion. 
The equilibrium constant y must obviously have a 
definite relationship to the partition coefficients h and 

k\ otherwise the definition of the equilibrium in a 
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saturated solution would be ambiguous. This relation- 
ship may be worked out as follows — 
From (2) 

and therefore k'k'C'C' = cc. 
From (3) c'c = yc 

where c is the concentration of the undissociated elec- 
trolyte in the aqueous solution. If we substitute this 
in the previous equation we get 

kk'CC = yc 

Arfc'CC 

y = 

But the concentration C (or rather the corresponding 
osmotic pressure P) of the undissociated p*irt of the 
electrolyte in the solid state bears a definite ratio to 
that in the aqueous solution c 

i.e. k = - and y = p 

C'C' 

-p- is the dissociation constant r of the solid salt, 

and therefore 

y = JcfcJc'T 

y 

or kk'k' = ^ 

in other words, the product of the three partition co- 
efficients is equal to the ratio of the two dissociation 
constants. 1 

1 W. Nernst, loc. tit. ; E. H. Riesenfeld, Konzentrationskctten mit 
nicht mischbaren Losungsmitteln, Ann. Phyrik., 1902 (4), 8, 616. 
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We have thus obtained noteworthy relationships 
between (1) the dissociation constant of a salt in 
solution and its electrolytic solution pressure in the 
solid state, (2) the dissociation constant and the 
potential difference of the solid salt against its saturated 
solution, and (3) the three partition coefficients (of 
the anion, kation and undissociated salt) and the 
two dissociation constants of the salt (dissolved 
and solid). It is perhaps desirable to repeat the 
definitions which have been used in this chapter, 
making use of expressions which are now more in- 
telligible. 

The electrolytic solution pressure of a solid salt in 
reference to its kation (anion) is the osmotic pressure 
of an aqueous solution of the ion agaiiist which the 
solid substance has a potential difference of zero relative 
to the kation (anion). It may be defined in another 
way as the osmotic pressure of that aqueous solution of 
the ion which has no tendency to receive further ions 
from or to give up ions to the solid substance, or as the 
osmotic pressure of a true saturated solution of the ion, 
presuming that the attainment of the true limit of 
saturation is not opposed by the ordinary electro- 
static forces. 

Note. — To avoid misunderstanding, it must be remembered that 
concentration and osmotic pressure are only proportional to each 
other in dilute solutions. When we speak of the concentration of 
the undissociated salt in the solid phase, for example, it is clear that 
the conditions are far from being those of a dilute solution. It is 
therefore not the true concentration which comes into the above 
expressions, but an imaginary one which is proportional to the 
osmotic pressure, the proportionality factor being the same as that 
for dilute solutions. Although it is really more correct to avoid 
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using the conception of osmotic pressure in relation to non-dilute 
solutions, and to substitute other terms, 1 it is not necessary to 
complicate matters in this way if the above correction is borne in 
mind. 

There is another difficulty which may be dealt with at this 
point. When a salt is in contact with its saturated solution the 
concentrations of the ions in the solid differ from those in solution, 
and it might be argued that the resulting difference of potential 
is of the same character as a so-called diffusion potential which 
exists when two solutions of different concentrations come into 
contact. In such a case the difference of the potential results 
from the different migration velocities of the two ions, and con- 
sequently the migration velocity is a factor in the potential 
difference, whereas in the case of a salt and its saturated solution 
the migration velocities are not considered. The difference is 
explained as follows : when two solutions of different concentrations 
in the same solvent come in contact, diffusion actually takes place, 
and consequently one ion may proceed in advance of the other, thus 
producing a difference of potential. In the two-phase system (solid 
salt-saturated solution), however, there is no diffusion, and no 
difference in progress of the ions, so that the diffusion potential 
does not appear. 

Haber 2 has shown in a quite different way that 
a difference of potential must exist at the surface 
separating a solid electrolyte from its solution. The 
fact that electrolytes are also conductors in the solid 
state has already been discussed, and Haber has shown 
that the conductivity is purely electrolytic, and therefore 
caused by the presence of ions, so that Faraday's law is 
also valid for solid electrolytes. 

Consequently we have at a metallic silver surface 
a difference of potential against solid silver chloride of 
tlie same character as that against silver chloride 

1 Compare van Laar, Seeks Vortrage uber das thermodynamwche 
Potential (Braunschweig, 1906). 

2 Haber, Ann. physih., 1908, (4), 26, 927. 
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solution. If we take an arrangement such as the 
following — 

Ag ht solid AgCl -5- saturated solution of AgCl - e - Ag 

it is clear that from such a system in equilibrium no 
current will be obtained on making a metallic con- 
nection between the silver plates. Otherwise free 
energy would be obtained without the agency of a 
spontaneous change, which would be a contradiction of 
the second law of thermodynamics. There are in this 
cell three surfaces a, b, and c. At a there is a definite 
difference of potential and similarly at c, so that if the 
cell is to yield no current there must also be a difference 
of potential at b, equal to the difference between those 
at a and c but of opposite sign, so that the algebraic 
sum of the three differences of potential shall be 

zero, i.e. 1 

E a + E 6 - E c = 

or E 6 = E, - E a 

If Px is the electrolytic solution pressure of the metallic 
silver against the solid silver chloride, P 2 the electrolytic 
solution pressure of metallic silver against the dissolved 
silver chloride, p x the osmotic pressure of silver ions in 
the solid chloride, and p 2 their osmotic pressure in the 
solution, then 

E„ = RT log| 
E e = RT log- 
therefore E t = RT log ^ • J£ 

1 The differences of potential are measured in the following senses : 
Ea is Ag/solid AgCl, E& is solid AgCl/solution, Ee is Ag/solntion. 
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The " electrolytic solution pressures" of silver against 
solid silver chloride and against the solution are con- 
stant quantities, and their ratio may be called the 
partition coefficient of silver ions between the solid and 
t dissolved silver chloride. Therefore for the difference 
of potential of the silver ions in solid silver chloride 
against those in solution we again get a formula of the 
form 

E Ag =ETlog^ 

Similarly the potential difference for chlorine ions 
between solid and dissolved silver chloride is 



Ed = — RT log 



7T 



'k' 



V 

and since the two differences of potential must be 
identical, we obtain as before 

E = RTlog^=RTlog^ 

for the electromotive force of a solid salt against its 

saturated solution. 

We may now undertake the task of deciding the 

sense of the potential difference between any readily or 

slightly soluble substance and its saturated aqueous 

solution. Where no other electrolyte is present in 

solution this is especially simple. In the case, for 

instance, of a solid acid in contact with its saturated 

aqueous solution, if the osmotic pressure of hydrogen 

ions in solution is p\ then the osmotic pressure of the 

anions p must be equal to p\ since the total number 

of anions is always equal to the total number of 

kations. This assumption (that p % = p) is at any rate 
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justifiable when the solution is sufficiently concentrated 
for the very small number of hydroxyl ions, which are 
always present in water, to be insignificant in com- 
parison with the number of acid anions. On the other 
hand, the osmotic pressure (n) of hydrogen ions in the 
solid acid, which though very small is a definite 
quantity, must be equal to the osmotic pressure (n) of 
the anions. 
The formula 

E=RTlog^'=-RTlog^ 

then becomes simplified to 

E = RT log-J5r = -RT log "U 

where ir and p represent the osmotic pressure of the 
kations (or anions) in the solid and the liquid phase 
respectively, or 

E = RTlog^- = RTlo g ;| r 
from which we get 

IT V 

?* - irk' 



or « 



£ = Vfck' 

IT 

The ratio of the ionic concentration in the saturated 
solution to that in the solid salt is therefore equal to 
the geometric mean of the partition coefficients for the 
two ions between the solid salt and water. 
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If it is desired to eliminate ±he quantity tt which 
cannot be measured experimentally and substitute for 
it the " electrolytic solution pressure " of the ions in the 
solid acid 

P = n't and P' = ^kf 

= *•&' 



then 



and 



p. p/ 

k* = — and k J = —, 

7T' IT 



P = /PP' 

7T V - w * 



i.e. p = x/Pf 

Thus the osmotic pressure of the kations (which 
is also that of the anions) in a saturated solution of 
an electrolyte is equal to the geometric mean of the 
electrolytic solution pressures of the ions. 

We may now consider a very important special 
case, viz. a solution containing a second electrolyte 
which has one ion in common with the solid, e.g. a 
solution of silicic acid in hydrochloric acid or of ferric 
hydroxide in aqueous caustic potash. Without the 
foreign electrolyte the potential difference 

E = KTlog^' = RTlog^, 
or in terms of electrolytic solution pressures 

E = RTlog|; = RTlog|! 

If both silicic acid and hydrochloric acid are in 
solution the concentration of hydrions is no longer 
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equal to the concentration of silicate anions, and if wc 
call the concentration of hydrogen ions p\ and that of 
the silicate ions (which are diminished in number by 
the addition of the stronger acid) pi, then 

E = RT log^ = RT log& 

F i r 

Since p\ > p' and p' x < p 1 it follows at once that the 
difference of potential is diminished by adding hydro- 
chloric acid. If the addition is carried sufficiently far 
the value of the difference of potential may pass 
through zero and change sign. It is not possible 
to make a general statement as to whether this occurs 
before the solution is saturated with the second electro- 
lyte. The case is similar to that of metallic electrodes. 
In some cases, e.g. Cu/CuS0 4 solution, it is very easy to 
make a solution of the salt of such a concentration that 
the difference of potential at the surface of the metal 
vanishes. In other cases, e.g. zinc, and particularly 
potassium, it is not possible to obtain an aqueous 
solution of the required concentration, and therefore 
auch a metal is negative towards all aqueous solutions 
of its salts. 

In the special case when k* = k f , when no second 
electrolyte is present possessing an ion in common 
with the solid substance 

E= RTlog-£=RTlog4 
This is only possible when 



irk p 

— = m± j or p = ttK 



V 
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Then E = RT log 1 = 0, i.e. when the partition 
coefficients are equal to each other there can be no 
difference of potential. This conclusion is obviously 
correct, since the differences of potential arise only 
from inequalities between the partition coefficients. 

In order to arrive at the sign of the charge wc 
must return to a consideration of the nature of the 
electrical double layer. The outer layer will be formed 
from the more soluble ion, i.e. from that which when 
it is present in the quantity determined by the 
electrical equilibrium is in a still unsaturated solution. 
The inner layer will be formed of the other ion, which 
is in a supersaturated solution and would partially 
return to the solid but for the constraint of the electro- 
static force. We can therefore assume that the 
solution takes the charge of the more soluble ion. 
Moreover, although we have no reliable means of deter- 
mining the magnitude of the differences of potential, 
we can easily decide on the sign of the charge by 
observing the direction in which solid particles (when in 
fine suspension) move under the influence of an electric 
current. It has been shown experimentally that all 
sparingly soluble substances which have in a chemical 
sense an acid character {e.g. mastic, silicic acid, 
sparingly soluble acid silicates such as kaolin, clay, etc. ) 
are negatively charged with regard to the water, and 
that all sparingly soluble substances which are chemi- 
cally of a basic character (e.g. ferric hydroxide, alumina, 
thorium hydroxide, and many other metallic hydroxides) 
are positive with regard to the water. In the first 
class, therefore, we find that the hydrogen ion is more 
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soluble than any of the anions ; and on the other hand, 
the OH ion in the basic substances is more soluble than 
any kation. Therefore the most mobile ions, H' and 
OH', are also the most soluble. 

13. Mixed Binary Electrodes. — The most fre- 
quently occurring conditions are those in which a 
mixture of two (or more) solid electrolytes is in con- 
tact with its saturated aqueous solution. Under 
such conditions, it is .quite possible — and, in fact, fre- 
quently the case — that the two electrolytes form 
a chemical compound, or double salt, giving rise to 
a new component in the mixture, since a new elec- 
trolyte is formed which must be looked upon as a single 
substance, the simpler salts only appearing to a limited 
extent as dissociation products. These cases are very 
complicated, but do not offer any difficulties of prin- 
ciple, so that it is not necessary to deal with them here. 
When we discuss a mixture of electrolytes it will be 
understood that the components do not react to form 
double salts. On the other hand, the whole solid 
system must form in itself a homogeneous phase, other- 
wise our whole method of treatment is invalid. We 
must not assume a mixture of (relatively) coarse me- 
chanical particles, but one of practically molecular 
intimacy, resembling a solution, where, in spite of the 
intimacy of the admixture, no reaction between solvent 
and solute need take place. If some change such as 
hydrate formation takes place, it does not necessitate, 
in dilute solutions, any variation in our method of 
treatment. Solid substances can in fact form such 
mixtures, and van 't Hoff, who has called them solid 
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solutions, has shown that the dissolved substance 
behaves in the solid state just as in the liquid or 
gaseous state. It exerts an osmotic pressure, and will 
diffuse into other solid substances, etc. 

The calculation of the difference of potential of such 
an electrode is based on the fact that all the partial 
differences of potential must be equal to each other. 
If the osmotic pressures of the two kations in the 
aqueous solution are represented by p\ and p\, in the 
solid phase by ir\ and 7r # 2 , and those of the correspond- 
ing anions by p' u p' 2 , w\ t and 7r' 2 , then — 

E = RT log ^ = RT log ^ = - RT log ^£- 

8 p\ & Pt ° p\ 



= - RT log 



It 2 Au 2 



2 



P 
or E^RTlog^RTlog^-RTlog^ 

f 1 P 2 P l 

= - RT log ^ 

From this formula, if k\, k\> k' u and k' 2 are known 
as well as E, the concentration of the solution can be 
determined ; if the concentration and E are known, 
then the partial coefficients can be determined. For 
the concentration of the different ions we obtain the 
equilibrium condition — 

k\-*\ _ k\*\ _ jf±_ _ p\ 

p\ p\ «i fl 'i K 2 n 2 

P-i ?\_P'x P\ Y 

Yx~ rr vr ?* = * 

and for the difference of potential — 

E = RT log X 
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14. The Law of Equalisation of Potential. — 

Chemical Changes in accordance with the Law. — From 
this law we know that solid electrolytes in contact 
with a liquid assume an exactly defined state of equi- 
librium. If we bring the substances into contact in 
quantities which do not satisfy the equilibrium condi- 
tions, i.e. which show no material equilibrium and no 
definite potential difference, then the material change 
will take place spontaneously. One or two such cases 
may be discussed. 

The simplest kind of chemical change which is regu- 
lated by differences of potential has already been dealt 
with in studying the displacement of a metal from a 
solution of one of its salts by another metal. 

In certain respects we may go into more detail. If 
a bar of zinc is immersed in a solution of cadmium 
salt which is free, or nearly free, from zinc salts, the 
potential difference at the metallic surface is relatively 
large, on account of the small number of zinc ions in 
solution. When the displacement is complete, and zinc 
has gone into solution, the difference of potential has 
greatly diminished. On the other hand, if we con- 
sider the arrangement as a cadmium electrode, then at 
the beginning, when there is no cadmium in the metal, 
the difference of potential of metal against the cadmium 
solution, if we change its sign, is extraordinarily large. 
At the equilibrium point the two differences of poten- 
tial have so far approached each other that they have 
become equal. 

A similar state of affairs holds for binary electrodes. 
If a solution of methyl violet, i.e. the chloride of 
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methyl violet base (BC1), is treated with solid silicic 
acid in the form of kieselguhr, or of finely suspended 
"colloidal silicic acid," a chemical exchange takes place 
with the formation of almost insoluble methyl violet 
silicate at the surface of the solid phase, while an 
equivalent amount of hydrochloric acid goes into solu- 
tion. If silicic acid is assumed, for convenience, to be a 
monobasic acid, the change is 

SH + BC1^SB + HC1 

The equilibrium point for this process is that at 
which all the differences of potential are equal to each 
other. 

This law may be looked upon as the equivalent for 

chemical surface reactions of the law of mass action. 

Although a reaction may proceed in solution to a point 

of equilibrium determined by the law of mass action, 

when the reaction takes place at a surface the law of 

mass action can no longer be applied, since we cannot 

define the " active mass " of the reagents. Many dyeing 

processes are examples of such surface reactions. Even 

if the " active mass " of the dissolved substances is 

represented by the concentration, or by a simple power 

of the concentration, this method cannot be extended 

to the insoluble substances whose solid surfaces are 

reacting chemically with the solution. It might be 

argued that the active mass of the insoluble substance 

(e.g. silicic acid, animal or vegetable fibre) is defined by 

the definite, though minute, concentration of its aqueous 

solution, and that it may therefore be taken as a constant. 

This is frequently the case in applications of the law of 
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mass action, but it is only possible where the actual 
reaction can be assumed to take place in the solution. 
When magnesia dissolves in hydrochloric acid, the 
reaction is probably preceded by the formation of a 
saturated solution of the sparingly soluble magnesium 
oxide which forms a thin film on the surface of the solid 
oxide and is continually renewed as it is removed. It 
is this film of solution which reacts with the hydro- 
chloric acid. This case is characterised by the fact that 
the final product, magnesium chloride, is readily soluble 
in water. If the initial and the final product of a 
reaction are both insoluble, and only the third substance 
readily soluble, Nernst's argument, which depends 
largely on consideration of the diffusion velocity of the 
soluble end product, is no longer inapplicable. No 
doubt the law of mass action still applies in such cases, 
but it only gives information as to the concentration of 
the dissolved substances. For example, in the case of 
silicic acid and aqueous methyl violet solution, provided 
all the necessary data are known, the law of mass 
action will determine the concentration of the methyl 
violet silicate. This concentration, however, is practi- 
cally zero, and is not one of the interesting factors in 
the reaction between silicic acid and methyl violet. 

The law of equalisation of potentials, as we may 
call it, is consequently general for the surface reactions 
of ionic substances, and it has for such reactions an 
importance similar to that of the law of mass action 
which only governs the chemical processes taking place 
in a single phase. 

One important point should be dealt with at this 
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stage. It is impossible for the compositions of a phase 
at its surface and in its interior to differ permanently, 
apart from differences which are due to surface tension, 
and which are regulated by the law of maximum reduc- 
tion of surface tension. To be precise, we may say 
that the composition of a whole phase is determined 
when the composition of its surface is laid down. If 
the surface tension is zero, then the interior will have 
the same composition as the surface. If the surface 
tension is not zero, there will be a slight difference, but 
this difference may always be exactly defined in terms 
of the composition of the surface. It is therefore 
necessary that a chemical reaction which has begun at 
the surface of a phase, shall proceed to the interior 
until the prescribed equilibrium has been attained 
throughout. But the rate at which the process spreads 
to the interior depends greatly on the viscosity of the 
phase. In perfect fluids it will be very rapid, and the 
state of equilibrium will be reached very . soon. In 
a solid phase, however, the progress of diffusion is 
enormously impeded, with the result that the reaction 
appears, for all measurable intervals of time, to be con- 
fined entirely to the surface. This last type of reaction 
is fairly abundant, and has been called chemical, or 
electrochemical, " adsorption." When kaolin is dyed 
with a basic dye, the colouring matter only penetrates 
the outer layers. If the coloured materal is removed 
by a suitable solvent, the kaolin does not appear to 
diminish appreciably in quantity. It is not surprising, 
since the progress of the reaction towards the interior 

is so slow, that equilibrium is apparently attained when 
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the thinnest layer of the surface is dyed. This does not 
in any way affect the value of our previous reasoning, 
although one further factor is involved which is worthy 
of mention. Under the above conditions there must be 
a diffusion potential between the outer layer of the 
kaolin and the interior. Although the diffusion pro- 
cess itself is very slow, the more rapidly moving ion of 
the newly-formed compound progresses more rapidly 
than the slower ion. Under the conditions of our 
example we have no means of detecting the existence 
of the diffusion potential, and in any case its value will 
be relatively small. The further the change penetrates 
towards the interior of the solid, the smaller the diffu- 
sion potential becomes, until when the true equilibrium 
is reached it has fallen to zero. 

15. Differences of Potential between Solu- 
tions of an Electrolyte in Different Solvents.— 

When two different solvents, which are not entirely 
miscible with each other, containing the same electro- 
lyte in solution, are brought into contact with each 
other, the ions of the electrolyte will distribute them- 
selves between the two solvents according to the 
partition law. Various interesting cases present them- 
selves for consideration in this connection. There may 
or may not be a definite difference of potential between 
the two solvents. We may also consider either cases 
in which the condition of equilibrium has been attained 
and all diffusion process is completed, or cases in which 
the concentrations are not yet adjusted and in which 
diffusion is still taking place. 

In the simplest case, where there is no definite 
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difference of potential between the solvents, and equili- 
brium has been attained, we can refer directly to the 
reasoning of the previous chapter. We have again 

E = RTlog^' = -RTlog^r 

defining both the difference of potential and the ratios 
of the quantities of each of the ions in the two 
solvents. 

If one solvent has a definite difference of potential 
against the other, the same rules can be applied as in 
the case of binary mixtures of electrolytes. In this 
case the solvent is one electrolyte and the dissolved 
substance the other, and we obtain 

E = RT log fc = RT log £. f = - RT log ^, 

= - RT log /' 2 



2 77> 2 



where p\ y p\ are the osmotic pressures of the kations in 
one solvent, ir' u ir' 2 the osmotic pressures of the kations 
in the other solvent, and p\, p' 2 , n\ 9 tt\ the corre- 
sponding values for the anions. 

It is probable that these conditions hold when a 
salt is added to a suspension in water of a substance 
which can dissolve the salt even in small quantities. 
Mastic, an electrolyte of an acid character, can dissolve 
small quantities of sodium chloride. Consequently if 
sodium chloride is added to a colloidal solution of 
mastic in water, the salt will diffuse into the mastic 
particles. If the partition coefficients of Na'-ion and 
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Cl'-ion between mastic and water are different — which 
is probably the case — then the addition of sodium 
chloride will bring about a change in the potential of 
the mastic particles against the water. 

We may finally refer to the case in which the diffusion 
process which leads to equilibrium is not yet completed. 
If sodium chloride is suddenly added to a suspension of 
mastic in water, the salt will gradually diffuse into the 
solid or semi-solid mastic particles. A very thin sur- 
face layer becomes saturated at once, but the penetra- 
tion of the salt to the interior takes a longer time. 
A difference of potential due to diffusion is set up, 
since the more mobile chlorine ion travels ahead of the 
slower sodium ion. This diffusion potential is not of 
very great interest here, however, since it does not 
affect the surface properties of the mastic. 

16. The impermeability of Surfaces to Ions, 
and the Non-diffusibility of Ions.— Up to this point 

we have always assumed that, where there is a differ- 
ence of potential at a surface, it is possible for an ion 
to pass from one phase to another. If the surface of 
separation between the phases is not permeable to one 
of the ions, our reasoning is considerably affected. 
Such cases are quite possible, and were first studied by 
Wilh. Ostwald. 1 The researches of Hamburger and 
Koeppe have shown that it is highly probable that the 
red blood corpuscles are not permeable to kations but 
only to anions. 

Let us coijsider the simple case of a binary electro- 
lyte with monovalent ions, dissolved with concentrations 

* W. Ostwald, Z. physik. Chcm., 1890, 6, 71, 
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of c\ and c a in two different solvents. When the two 

solvents are brought together it is to be assumed that 

the surface separating them is penetrable only by the 

anions and not by the kations. There will then be 

a tendency towards an exchange of material between 

the solutions, which will, however, be confined to the 

anions. These will tend to distribute themselves 

between the two phases in accordance with their 

partition coefficient. 

This process cannot take place, since it would 

produce an inequality in the concentrations of positive 

and negative ions in a single phase. Consequently, as 

in all similar cases, an electrical double layer is formed 

at the surface, whose difference of potential is easily 

calculated. Suppose at equilibrium the concentration 

of the anions in one solvent is c u in the other c 2 , and 

that the difference of potential is E. If we imagine 

that the point of equilibrium is slightly overstepped, so 

that a very small quantity dm of anion passes from 

one solvent to the other. The electrical energy obtained 

is ErfF, where d¥ is the quantity of electricity carried 

by a quantity dm of the ion. The osmotic work which 

c 1c 
must be done is dmRT log— , where k is the partition 

coefficient of the anion between the two solutions. At 
equilibrium the algebraic sum of these quantities of 
energy is zero, so that — 

E . (IF - rfmRT log -- = 

dm c x k 

E-^pRTlog ^ 
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Making the same assumption as on p. 54, we may 

., dm - 
write -=, = 1, 

d¥ 

and E = RT log — 

It is characteristic of this equilibrium that it is 
determined only by the kind of ion to which the surface 
is permeable. The formula obtained is very similar to 
that of a single metallic electrode against a solution of 
a salt of the metal. In view of the fact that, according 
to the introductory definition, cjc has a similar mean- 
ing to P (the electrolytic solution pressure of a metal), 
the formulae are practically identical. The identity 
arises from the fact that a simple metallic electrode 
* may be considered as a binary electrode, from which 
'" one of the ions cannot pass into the other phase. If 
we assume that the metal contains a small but definite 
number of positive ions, a corresponding quantity of 
negative electricity must be accounted for, not, of course, 
in the form of ions, but as free electrons. Free electrons 
can move about readily enough in metals — according to 
Nernst their movement is responsible for metallic con- 
duction of electricity — but they cannot pass into solution 
or move about in solutions. It has been shown by 
Ostwald and Nernst * that conductivity in conductors 
of the second class (electrolytes) is entirely due to ions 
and not to free electrons. 

The metal is therefore comparable with a solvent 
for the binary " electrolyte " whose positive ion is the 
metal ion and whose negative ion is a negative electron, 

1 Ostwald and Nernst, Z> phyrik. Chem., 1889, 3, 120. 
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V 



The difference of potential of such an electrode (see 
p. 67, equation 2) is — 

cjc 



or 



E = RT log 
E = RT log 



c 2 



If for pjc we write P, representing the electrolytic 
solution pressure, which is the same thing, we obtain — 

E = RT log - 

in complete agreement with the result obtained on p. 54. 
It is possible to imagine cases intermediate between 
the one first considered, where the exchange of ions is 
quite free, and the last one, where only one ion could 
pass. The movement of the second ion may be very 
considerably impeded, but not entirely abolished, so 
that the impermeability of the surface to this ion is 
only relative. In such cases, at the instant when the 
two phases are brought into contact, the transactions 
only concern the easily penetrating ion, and the difference 
of potential is that due to this ion — 

P 



E = RT log 



P 



After a sufficient time the potential will change, and 
finally attain the value — 

E =r RT log ^ = -RT log -, 2 

P i P * 

Such cases can only occur when the diffusibility of 

one ion is very greatly inferior to that of the other. 

Possibly such substances as silicic acid, glass, and kaolin 
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would 'fulfil this condition. Silicic acid anion has 
certainly a very low diffusion constant, and Freundlich, 1 
is of tfy opinion that on this account it is not possible 
to get ei saturated solution within a measurable time 
when water and glass are brought into contact. This 
is based ^n experiments by Barus, who found that at 
high pressures and temperatures glass was strongly 
attacked Wid dissolved by water. If this view is 
correct, thAn the silicate ion will play no part (at any 

fe in reasonable intervals of time) in determining the 
pfferences m potential which result from bringing solid 

icic acid yglass, kaolin, etc.) into contact with water. 

17. The Mechanical Adsorption of Electro- 
ns. — Adsorption Potential. — It is now necessary to 
;urn to t ie consideration of mechanical adsorption, 
to study the state of affairs when the adsorbed 
pfcuftt&~is a highly dissociated electrolyte. Since 
>ctroly tes are tofi considerable extent decomposed into 
is wl^en dissolved, we must look upon their solutions 
being mixtures of two or, if we include the undis- 
[ciated portion, of three different adsorbable substances*, 
such a case their reciprocal effects in the process of 
[sorption (see para. 6) must be considered. Each of 
three kinds of molecule will possess its characteristic 
of adsorption constants, and they will tend to 
i adsorbed to different extents. This is, however, not 
able as far as the ions are concerned, since the action 
*he electrostatic forces demands that positive and 
ttive ions shall be present everywhere in equal 
bers. Consequently a state of equilibrium will be 

1 Z. physik. Chem., 1907, 57, 885. 
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attained, in which the concentrations of 1 
kation in the adsorption layer are equal tJ 
and at the same time the concent rat inns i it the solution. 
though different from those in the adsorption Uyer, are 
also equal. Separation of positive from negative ions, 
rowing to their different adsorption constants, will on lv 
take place to an infinitesimal extent,,*.*, until the 
difference of potential produced by their separation is 
just sufficient to compensate the tendency to' separation 
due to adsorption. If all the three tvpes of molecule 
are readily adsorbed, the conditions are, ratWr compli- 
cated, and the simplest case to Gonside^H in which 
two of the substances have no a|ijim-i;ih1e influence 011 
the surface tension of water, ami are twettfoje not 
adsorbed, only the third substamr IjeingJ'aa'sovluiMe. 
If, for example, the ions are not ;iAhh1 ;r- ' 
undissociated substance is, the l;u . nan r . ;-..-■ 
interference into the adsorption layfrr. :\ r 
time the adsorption layer must beta 
because the increased quantity of unoissocTJ 
must, according to the law of mass action, give i 
an increased quantity of ions. If one of the 
tends to be adsorbed, and the other ion and the ui 
sociated molecule ' ■ not, the absorbable ion earn 
with it into the ads^iion layer some of the other 
and is consequently adsorbed to a smaller extent th, 
if it were alone. Finally, when all the ions and md 
oules are appreciably adsorbable, the case becomes 
more complicated. In the first place, each of 
/ different components of the mixture has a retard 
effect upon the adsorption of the other eomponei 
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which cannot be represented in a formula (see para. 6). 
In the second place the electrostatic forces resist any 
separation of the ions which might be demanded by a 
pure adsorption equilibrium ; and thirdly, a difference 
of potential is set up to represent the suppressed trans- 
port of material. If we wish to make any calculation 
of the magnitude of the difference of potential we must 
confine our attention to very dilute solutions in which 
the effect of one substance on the adsorption of another 
is not appreciable. Let us consider the electrolyte BS 
dissolved in water, and practically completely dissociated 
so that the concentration of each ion is c. If there 
were no interference by the electrostatic forces, the 
process of adsorption would produce a surface layer 
containing the ion B + with a concentration c lf and S~ 
;h a concentration c 2 , leaving in solution the concen- 
ts c\ and c' 2 , where c\ is not equal to c\. But 
itual practice the ions must be of equal concentra- 
at every part of the system, so that in the surface 
\x the concentration of both ions is c 3 , a value 
•mediate between c l and c 2 , while in solution it is 
Intermediate between c\ and c\. To calculate the 
>rence of potential the equilibrium is assumed to be 
|beded in such a way that further dm gram molecules 
'the ion B + are adsorbed. From this process the 

totic work dmRT log -| can be obtained. In the 

v 1 

" way, if dm gram molecules of the ion S~" passed 
the adsorption layer into solution, the work 



iable would be dmRT loer 
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movement would be compensated by the expenditure 
of an equivalent amount of electrical energy. The dm 
gram molecules carrying a quantity of electricity d¥, 
are carried back at a difference of potential E, the \ 
energy expended being therefore EdF. 

ErfF = dm RT log -J - dmRT log ?L 

C 1 c 2 

and in the same way as before this can be reduced to 

E = RT log % = RT log ~ 2 

c l C 2 

so that on the one hand E, and on the other han( 

c u c\ 9 c 2y and c' 2 , giving the data for the material equili-^ 

brium, are clearly defined. 

(.Such differences of potential, which are due 

inequalities in the adsorption of the ions, may be calle< 

adsorption potentials.. Although they have not yei 

received much attention (except from Freundlich), then 

is no doubt that they are of frequent occurrence aTH 

considerable importance. It is probable that we hi 

in the adsorption of organic dyestuff by charcoal^a caf 

where an " adsorption potential " can be observed un< 

comparatively simple conditions. Methyl violet, 

example, is a strongly dissociated electrolyte. Its ani< 

CI, we may conclude from the behaviour of inorg? 

chlorides, to be not more than very slightly negativi 

adsorbed, since all chlorides raise the surface tension 

water in a similar manner. The dyestuff katior 

readily adsorbed, and consequently in the adsorpt 

of methyl violet an adsorption potential must be 

up. Experimentally it is found that the rate oi^ 
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mentation of dlSrcoal is changed by the addition of 
methyl violet, and of similar substances. This change 
is caused by a change in the surface tension, which is 
in turn, as we shall see later, dependent on the difference 
of potential. 

It has already been shown that differences of 
electrical potential can bring about a displacement of 
material which must be classed as adsorption in its 
widest sense, and vice versa- it is now apparent that 
mechanical adsorption can give rise to differences of 
potentials 

There is a very important consequence of thi^ 

itiom It is unlikely that the adsorption constants for 

irogen and for hydroxyl ions are equal to each other. 

|ey could only be so by a very remarkable coincidence. 

^hey are not equal the free surface of pure water must 

Libit a difference of potential against the interior. 

tere is no means of deciding whether this difference df 

iential exists at a free surface, but there is some 

lidence in the case of the water-charcoal surface. 

larcoal particles move under the influence of an 

itric current towards the anode, and are therefore 

jigatively charged with respect to water. There is no 

>p&rent reason why the charcoal should be charged, 

[it the above argument justifies us in assuming that 

surface film of the water may be charged, and that 

charcoal particles are only moved by the pull of the 

lering film of water. The direction of this motion 

:ees with the assumption that the hydroxyl is more 

ongly adsorbed than the hydrogen ion, since the 

arcoal is electronegative with respect to pure water. 
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III. 18. THE DYNAMICS 

18. Chemical Effects of I ideal Adsorj 

tion. — We are now in a pnotg r ^le»t with :inotb| 

property of mechanical adsurpll|j|«Biiicly its jiowei 
bringing about chemical dccumpiRtiong. If chare* 
which is a purely mechauical adsorbing agent, is treat! 
with a solution containing a salt of a heavy metal, I 
better still a basic dyestun", the charcoal adsorbs 
I B^he basic constituent and not the whole of the dissolvl 
substance. It adsorbs the base (not merely the katioj 

I and leaves behind in solution an equivalent quanta 
of acid. From a solution of methyl violet, 
instance, charcoal adsorbs the organic base, and 
equivalent quantity of free hydrochloric acid 

I liberated. The chemical change has been prodnd 
as a result of the mechanical adsorption. 
explanation of this phenomenon originally presenl 
a great deal of difficulty, but on the basis of the hi\i 
discussed in previous sections, it is possible to obtaii 
fairly clear picture without any further assumptie 
It is only necessary that the free base shall be m<j 

(readily adsorbed than either the acid or the salt, 
the examples quoted above, the fre e ba se is iu all i 
the lea st solub le constituent of the solution. 

Amongst organic substances, it is practically aliwajd 
found that relatively insoluble substances ^rc. stn.Wlj 
bathotonie, i.e. readily adsorbed. 1 As an objection tj 
this view it may be argued," that it requires Vtii 
methyl violet to be hydrolvsed in solution, and t. 
such hydrolysis has not been detected and must o 

1 Compare J. Traube, P/Ui-ger's Arch., 1904, 105, 541. 
1 Freundlich and Losev, Z. plujnik. Ch.-m., 1907. 69, 2B4. 
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\URFACE AS SEAT OF ELECTRICAL FORCES III. 18. 

jquently be very slight. Such an objection, however, 

not fatal. There must be some, if only a little, free 

le in solution. All aqueous solutions contain 

[ydroxyl ions, which are formed from water under all 

mditions. The solution of the basic dyestuflf contains 

flso dyestuff kations F. When F' and OH' ions are 

>resent together the reaction 

F- + OH' = FOH 

ill take place and will continue to a state of 
quilibrium in which 

[F-] [OH']. = * [FOH] 

a certain quantity of free base will be formed. 

ince the base is readily adsorbed it will be partly 

moved by the charcoal, and the above equilibrium 

ill be destroyed. More base will then be produced by 

rther hydrolysis of the dyestuflf, and set on till the 

al equilibrium is reached. Thus the effect of 

echanical adsorption is to increase the infinitesimally 

all degree of hydrolysis of the dyestuflf to an easily 

easurable amount, and apparently to cause the 

emical separation of the acid and the base.^ The 

nditions are, of course, complicated by the fact that 

g dyestuflf bases belong undoubtedly to the class of 

>stances which are anomalously adsorbed. They 

ym surface membranes, and their adsorption is 

•versible ; charcoal containing adsorbed methyl 

1st does not give it up again to water, but only to 

phol. Probably the process is also peculiar, in the 

A that the dyestuflf base is adsorbed by the charcoal 

jh such a concentration, that it would be permissible 

95 



/ 




III. 19. THE DYNAMICS OF SURFACES \ 

\ 

1 

to speak of the separation of a new solid phase. It is 4 
not accurate, therefore, to say that the problem of j 
the behaviour of basic dyestuffs towards charcoal is j 
completely solved. 1 The deficiency in the arguments 
is to be regretted, since if it were made good it would 
doubtless throw much light on what the author has 
called anomalous adsorption, and would consequently 
be of great biological importance, yS ; 

19. Relations between the Electrical Differ- 
ence of Potential and the Surface Tension. — It 

has been shown by Lippmann that if mercury, used as 
an electrode in a galvanic cell, is contained in a 
capillary tube, the position of the mercury meniscus in 
the capillary changes with the difference of potential 
used. Since the position of the meniscus depends only 
on the surface tension, it is natural to conclude that the 
galvanic polarisation has an influence on the surface 
tension. The arrangement of the apparatus for the 
experiment is essentially the following. An electric 
current is led into dilute sulphuric acid by means of an 
ordinary mercury electrode, and passes away through a 
second mercury electrode of capillary dimensions. The 
passage of the current may also be in the opposite 
direction. Since the sulphuric acid soon forms small 
quantities of mercury sulphate, the arrangement 
resembles a reversible electrode of- the type studied lv 
Nernst, in which a metal is immersed in a solii^ 
of one of its salts. Such electrodes are gen' 1 
non-polarisable, i.e. they do not change their diffc 

1 The explanation of Freundlich and Losev {loc. cit.) do 
appear to be complete. 
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URFACE AS SEAT OF ELECTRICAL FORCES III. 19. 

>f potential against the solution when an electric 
[current passes through the surface. In the cell, 
mercury-mercury sulphate solution-mercury, the passage 
of the current causes the solution of a certain number 
of mercury ions at one pole, and the separation of the 
same number at the other. Thus the concentration 
of the solution as a whole does not change, and there- 
fore the difference of potential between the metal and 
the solution remains constant, provided that convection 
and diffusion currents keep the concentration of the 
electrolyte uniform. If one of the electrodes is in a* 
capillary tube, the velocity of the currents is greatly 
diminished, and uniformity is not maintained. If 
mercury ions are passing into solution in the capillary, 
they will become concentrated in the neighbourhood of 
the electrode, so that the difference of potential between 
electrode and liquid is changed. 

The theory of the connection between the magni- 
tude of the difference of potential and the surface 
tension was worked out in part by Lippmann, and 
in a more exhaustive and fundamental manner by 
Helmholtz. The explanation is based upon Helmholtz's 
conception of the electrical double layer. According 
to this view the surface of the mercury is charged 
with positive or negative electrical particles. As in 
y all conducting substances the charged particles are 
all in the surface layer, where they are driven by 
their repelling action on each other. A further 
3onsequence of the repulsion is that in the surface 
tself the particles attempt to separate themselves 
s far as possible, i.e. they enlarge the surface. 
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III. 19. THE DYNAMICS OF SURFACES 

The electric charge is therefore opposed to the 
mechanical surface tension which tends to diminish the 
surface. Consequently when a surface has a difference 
of potential against its surroundings the value of the 
" total " surface tension will be reduced, and may even 
become negative. We can therefore distinguish be- 
tween mechanical and electrical surface tension, whose 
algebraic sum is the total tension. For calculating the 
influence of the potential difference on the surface 
tension, Wilh. Ostwald's method, applying the principle 
of virtual work, is simpler than that of Helmholtz. 
A capillary electrode is assumed to possess a surface 
tension <r, with a difference of potential E. E is now 
increased to E + cZE, causing cr to diminish by dxr. 
The loss of surface energy will be equal to the gain in 
electrical energy 

F</E = — coder 

da- F 
ah a 

F . 

— is the quantity of electricity contained in unit area 

of the surface when it exhibits a difference of potential 
E against its surroundings, i.e. it is the capacity of 
the surface. 

The facts of capillary electricity remained for a long 
time unnoticed, except from the point of view outlined 
above, i.e. they simply explained the working of the 
capillary electrometer. Helmholtz had shown, it is 
true, that they might lead to the determination of 
absolute differences of potential, for when the difference 

of potential is zero, the surface tension must be at its 
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SURFACE AS SEAT OF ELECTRICAL FORCES III. 19. 

maximum value, since either a positive or a negative 
charge would lower the surface tension. 

In the field of colloid chemistry, however, these 
views have found a new application, which has not yet 
been completely worked out. Bredig * first pointed out 
that a lowering of the difference of potential between 
particles of metal in colloidal solution and the surround- 
ing water must be followed by a rise in the surface 
tension, so that the flocculation of the suspended metal 
is encouraged. It is therefore of interest to inquire 
into the different methods by which the difference of 
potential of minute particles against water can be 
changed. It can be done in two different ways. 

1. By bringing into a solution a salt which has an 
ion in common with the suspended metal (or sparingly 
soluble salt). If the suspended solid is an acid, then by 
adding a soluble acid or alkali to the water, we change 
the concentration of the hydrogen ion, causing a change 
in the potential difference, and consequently in the 
surface tension. If the suspended substance is a base, 
the same addition would produce an opposite effect. 

2. By bringing into solution an electrolyte which 
can react chemically with the suspended substance. In 
the example previously quoted (p. 80), when solid 
silicic acid is added to methyl violet in solution, the 
chemical change leads to a new value for the potential 
difference. 

It is also found that other neutral salts, which would 
not be expected on the above grounds to have any 
effect, produce changes in the surface potentials : of 



1 Bredig, Anorganuche Fermente (Leipzig, 1901). 
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III. 19. THE DYNAMICS OF SURFACES 

suspended particles. The potential of ferric hydroxide, 
for instance, is changed by sodium chloride or sodium 
sulphate. This effect cannot be explained in either of 
the above ways, so it must receive special consideration. 
Let us take the example of colloidal ferric hydroxide, 
which is flocculated by the salts of the alkali metals, 
e.g. potassium chloride, because the potential of the 
colloidal particles is diminished. 

The only satisfactory explanation which has yet 
been advanced for this behaviour is based on the 
assumption that potassium chloride is soluble, if only 
very slightly, in the solid iron hydroxide. 

If the partition coefficients of the K' and CI' ions 
between water and the solid hydroxide are not equal, 
there will be a tendency for one of them to pass into 
the solid to a greater extent than the other. Electro- 
static forces will prevent the actual separation, but in 
its place a new potential difference will be set up at the 
surface, which will produce an alteration in the mag- 
nitude of the original potential. The quantitative 
development of this idea has not yet been possible, as 
there is no way of measuring either the potential or the 
solubilities of the ions in the solid phase. The latter 
cannot be more than very minute in any case, so that 
attempts to determine them by the methods of chemical 
analysis will be fruitless. 

There is another possible effect of neutral salts on 
the electrical potential of suspended particles, namely 
the production of adsorption potentials, when one ion is 
adsorbed to a greater extent than the other. This 

:rjG$utt can only be attained when the limiting surface 
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SURFACE AS SEAT OF ELECTRICAL FORCES III. 20. 

has a measurable tension. Apart from charcoal and 
cellulose, most of the substances which readily form 
suspensions, in which they have a definite electric 
charge {e.g. ferric hydroxide, kaolin, etc.), have no 
measurable surface tension against the surrounding 
water. Consequently, in such suspensions there is no 
mechanical adsorption, 1 and adsorption potentials are 
not produced. 

20. Phenomena due to Frictional Electricity. 

— All the phenomena considered up to this point have 
been concerned with ions. There are, however, other 
phenomena which are due either to the free electrons or 
to some other kind of ions whose character is not yet 
known. These are the phenomena of frictional elec- 
tricity, which cannot be explained by the views con- 
sidered in the foregoing sections. The opinion that the 
charges on many surfaces are of frictional origin is 
much older than the other, since frictional electricity 
was the first form to be discovered. It was much later 
that the way was opened (mainly by Nernst) for a real 
understanding of those forms of electricity which are 
to be attributed to the liberation of ions ; but this 
understanding, when it did arrive, completely over- 
shadowed the study of frictional electricity. The 
conditions for the appearance of frictional electrical 
effects are specially favourable in those cases which 
most interest us here. This is the case, for example, 
with substances in fine suspension or colloidal solution, 
which possess very large surfaces, and which move in 
contact with the water, either as a result of mechanical 

1 Michaelis and Bona, Biochem. Zeits., 1908-9, 15, 210, and 16, 490. 
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III. 20. THE DYNAMICS OF SURFACES 

agitation, of convection currents, or of the Brownian 
movement. It is conceivable, and indeed probable, that 
the magnitude and sign of the resulting charge will 
depend upon the composition of the liquid, and 
especially upon dissolved material, as is the case with 
contact electricity. But in contact electricity, as studied 
by Nernst, the potential is determined only by the ions 
which can be emitted from the electrode, while in fric- 
tional electricity there is no reason for attributing a 
special effect to any particular kind of ion. Freundlich 
and Makelt, 1 for instance, have shown that the potential 
of silver powder falling through a column of water, 
varies with the nature and the concentration of the 
dissolved electrolyte. Silver salts, however, have no 
special effect, and H # , OH', Mg" and many other ions 
produce changes of potential. The importance of such 
changes of potential in colloidal processes has only 
recently been emphasised by Freundlich, and the theory 
is still very defective. As a preliminary, we can only 
attempt to decide how far the above phenomena may be 
due to ions. Two of the subjects which we have pre- 
viously discussed may be of importance in this attempt, 
viz. the differences of potential due to (1) mechanical 
adsorption of electrolyte, and (2) solution of an electro- 
lyte in different solvents. 

Such differences of potential at the surface are due 
to ions and not to electrons, but the ions of the 
electrode material have no special importance in fixing 
the difference of potential. It would be premature to 

• • 

1 Uber den absoluten Nullpunkt des Potentials, Z. Elektroch., 1909, 
15, 161. 
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SURFACE AS SEAT OF ELECTRICAL FORCES III. 21. 

develop this view furthej\without the necessary experi- 
mental data, but it appears not unlikely that all the 
facts may be explained on ionic grounds. If this is 
the case, a final solution of the problem is possible, 
whereas the purely frictional potentials, in which we 
know much less of the carriers of the free electricity, 
are more difficult to explain. 

Among the important observations made in this sub- 
ject by Perrin l are the following : The charge assumed 
by a solid particle against a liquid is greater for strongly 
ionised liquids than for feebly ionised ones. The ions 
of the liquid probably, therefore, take part in the 
production of the charge. The most active ions are 
H* and OH', the former charging the solid particles 
positively, and the latter charging them negatively. 
Na', K-, Li', NH- 4 , CI', Br', I', C10' 3 are only feebly 
active, the only active monovalent ions being Ag* and 
Tl\ The polyvalent ions are more active, the activity 
increasing with the valency. 

Freundlich 2 attributes the action of the ions to 
their adsorbability, and believes the potential to be an 
adsorption potential. If this is the case, the potential 
will be decided by the adsorption coefficients, and the 
ions may be arranged in descending series of activity 
as follows : — 

Positive ions H* ; Al'" ; Cu"; Ag # ; Na - K\ 
Negative ions OH' ; SO" 4 ; CI' Br' I'. 

2 1 . The Curvature of Surfaces. — Surface 

i J. Perrin, Comptes rend., Paris, 1904, 1% pp. 1388 and 1440, 2% 

pp. 513 and 564. 

2 Freundlich and Makelt, loc. cit. 
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Tensions in Colloidal Solutions. — On the basis of our 
observations up to this point we should state that the 
surface tension was not dependent upon the form of 
the surface, and therefore remained unchanged when the 
surface was bent or curved. This statement is quite 
justifiable under ordinary conditions, since the surface 
tension is due to the action of intermolecular forces, 
and the sphere of molecular attraction is very small 
indeed. Consequently if the curvature of a surface is 
not too great, those portions of it which are capable of 
attracting each other lie to all intents and purposes in 
the same plane. But if the distortion is considerable 
the state of affairs is changed. It has been observed by 
numerous experimenters l that as the curvature of the 
surface increases the surface tension increases. Very 
small drops, for example, have a greater surface tension 
than the same substance would have in its normal con- 
dition. (If the drops are extremely small the surface 
tension falls again, when the radius of the drop becomes 
less than that of the sphere of attraction of the mole- 
cules.) Such highly curved surfaces are formed when 
a very finely divided phase is distributed in a liquid, 
i.e. in the systems which Wo. Ostwald 2 has called " dis- 
persiods." These systems, if the suspended particles do 
not tend to settle, are identical with the so-called 
colloidal solutions. 



1 Lord Eayleigh, Phil. Mag., 1890, 30, 285 and particularly 456. 
Willard Gibbs, Scientific Papers, London, 1906, vol. i. p. 242. Van 
der Waals and Kohnstamm, Lehrbuch der Thermodynamic, 1908, pp. 
207 el seq. Reynolds and Rticker, Phil. Trans., 1886, 177, 627. (See 
also Wo. Ostwald, Grundriss der Kolloidchemie, Dresden, 1909, p. 135.) 

2 hoc. clt. 
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Let us assume that the surface of the suspended 
particles, when they are in a particular condition, has a 
definite positive tension, due to mechanical and electrical 
causes. The effect of this tension will be to produce a 
diminution in the surface, that is a coalescence and 
enlarging of the drops. At the same time the mechani- 
cal surface tension of the suspended particles will 
become smaller, and consequently, if the difference 
of potential does not change, the total surface tension 
will diminish. Thus, when a given size of drop is 
reached the total surface tension may attain a value of 
zero. At this stage the tendency for the particles to 
coalesce disappears, since any further union would 
bring about a negative surface tension, and the particles 
would tend to divide till the tension again became zero. 
If, when the system is at its point of equilibrium, an 
electrolyte is added, which diminishes the difference of 
potential at the surface, the total tension again becomes 
positive, and further coalescence takes place. Therefore, 
when the physical conditions are otherwise favourable 
to the union or the separation of particles, we have a 
true equilibrium which is determined by the following 
conditions. The total tension in the surface of the 
suspended particles is always zero. A change in the 
difference of potential has for its final effect only a 
change in the size of the particle. If the potential 
difference is increased the particles will become smaller, 
and vice versa. 

It is quite probable that these are the conditions 
which prevail in the living organism. The cell con- 
tent constitutes a colloidal solution, since it contains 
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microscopic or ultramicroscopic particles of albumen or 
of albumen-lipoid compounds in a state of permanent 
suspension in a liquid medium. This cell system is 
subject to reversible changes under the influence of 
numerous electrolytes; sometimes it becomes clearer, 
sometimes more cloudy. Other properties of pro- 
toplasm (e.g. phenomena connected with stimuli) are 
closely connected with its state of distribution, so that 
the general behaviour of protoplasm suggests the exist- 
ence of a mechanism similar to that just described. 
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APPENDIX 
22. Kinetics of Surface Reactions.— We have 

hitherto only studied the reactions which take place 

at surfaces from the point of view of their final results, 

without reference to their velocities. We have, in fact, 

only sought to define the equilibria obtained. According 

to the general conception of chemical reactions we 

must assume that the reactions are generally reversible, 

and consequently equilibrium can only be defined kineti- 

cally as the state in which the velocity of reaction in 

one direction is equal to that in the opposite direction. 

In the same way, when mechanical adsorption takes 

place according to the principle of the maximum 

reduction of surface tension, we can define the point of 

equilibrium kinetically as follows. When in every 

short interval of time the number of molecules adsorbed 

is equal to the number which pass from the adsorption 

layer into the solution, the system is said to be in 

equilibrium. The same applies to electrochemical 

adsorption. Kinetic considerations, have, however, very 

. little practical significance in these cases, because the 

changes take place so rapidly that equilibrium is 

reached instantly or in a very few minutes. There are, 

however, other reactions which take place at surfaces, 

which are not connected in any way with the specific 

properties of the surface. These reactions have been 
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studied principally by Nernst, 1 and their nature will be 
best understood by considering a typical example. If 
solutions of caustic soda and acetic acid are mixed, a 
well-known reaction takes place with the formation of 
sodium acetate and water. The course of this reaction, 
as of all ionic reactions, is extremely rapid, so that we can- 
not follow its progress, but only identify its conclusion. 
But if the practically insoluble oxide of magnesium is 
added to acetic acid the formation of the magnesium 
acetate takes an appreciable, time. From analogy 
with other ionic reactions we are justified in assuming 
that the reaction in solution 

Mg(OH) 2 + 2CH3COOH = Mg(CH 3 COO) 2 + 2H 2 

takes place instantaneously. The reason for the slowness 
of the process in practice is, that the dissolved magnesium 
hydroxide which must be formed before the reaction 
can proceed, is only very slowly obtained by solution 
of the magnesium oxide. The velocity of formation of 
magnesium acetate depends, therefore, only to a minute 
extent on the chemical change involved, and mainly 
upon the process of diffusion which brings together the 
newly formed magnesium hydroxide and fresh acetic 
acid at the surface of the solid. The theory of such 
reaction velocities has been developed by Nernst as 
follows. It may be assumed that in the immediate 
neighbourhood of the solid magnesia there is always a 
saturated solution of magnesium hydroxide, which is 
continually being renewed as it is used up by the acid. 
In this surface layer the solution will always be 

1 W. Nernst, Z. physik. Chem., 1909, 47, 52. 
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alkaline, however much acetic acid there may be in 
the bulk of the liquid. The reaction velocity will then 
be determined only by the time taken for the dissolved 
magnesia to reach the interior of the solution. The 
rate at which this takes place is dependent on external 
conditions ; it is not only regulated by simple diffusion 
but also by convection currents produced by changes 
in the density of the solution. In order to obtain 
comparable experimental conditions such currents must 
be kept perfectly regular and constant in their action, 
which can be achieved by stirring at a constant rate. 
By varying the rate of stirring, the effect of the 
convection current can be varied at will. The velocity 
of the reaction depends also on the magnitude of the 
surface, and in order to obtain results of any value it 
is necessary to keep the amount of surface constant 
throughout the experiment. This is usually achieved 
by using the solid substance in the form of a large 
plate, which is uniformly attacked during the reaction 
with no appreciable change in its area. Under these 
conditions the reaction velocity at any instant is 
proportional, first to the area of the surface exposed, 
and second to the concentration of the acid in the 
solution. If we represent the initial concentration of 
the acid by a, the concentration at time thy a — x, the 
area of the surface by <o then, 





-T7 = k(o (a — x) 


or integrated 






W a - hut 




& a — x 
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The velocity coefficient k has been given a still 
more exact definition by Brunner. 1 When the stirring 
is sufficiently rapid it may be assumed that the com- 
position of the whole of the solution, with the exception 
of the surface layer, is quite uniform. Close to the 
surface we have a very thin adherent layer of saturated 
magnesium hydroxide solution, which is alkaline. The 
further progress of the reaction consists in the diffusion 
of acid into this layer, which we may assume to have a 
thickness 8. The factors in the reaction are therefore 
the velocity of diffusion of the acid and the thickness of 
the surface layer. The velocity coefficient is, then, 
obviously proportional to the diffusion constant of the 
acid (D), and inversely proportional to the thickness of 
the layer — 

*"" * 

and therefore log = — . co . t 

& a — x 8 

Similar considerations can be applied where the rate 
of solution and not a chemical reaction of the solid 
substance is being investigated. This has been done 
by Noyes and Whitney in the following manner. If 
a solid crystal is suspended in water and the water is 
uniformly stirred, it may be assumed that the crystal is 
immediately surrounded by a layer of saturated solution, 
and if the stirring is carefully regulated, the bulk of the 
solution will always be of uniform concentration. The 
layer of saturated solution adheres to the crystal, even on 

1 Brunner, Z.phy*ih. Chem., 1904, 47, 56. 
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stirring, but its thickness varies somewhat with the rate 
of the stirring. The velocity of solution under these 
conditions varies, first with the thickness of the surface 
layer which determines the length of the path of diffu- 
sion, and second, with the difference of concentration at 
the particular instant between the saturated surface layer 
and the remainder of the solution. If the concentration 
of a saturated solution is represented by C, and the 
quantity of substance which has become dissolved in 
time t by #, so that the concentration of the solution 

c = -, where v is the volume of the liquid, then 







» = w - «> 


But c = -, i.e. 


dx 


= vdc, 


and therefore 




% - ¥ - •) 


or integrated 




. v C 



C - c is the " saturation difference," k the velocity 
constant of solution, which depends upon the velocity 
of diffusion and the thickness of the adhering layer. 
Since the diffusion coefficients of many substances are 
accurately known, it is possible to calculate from the 
expression 

the thickness of the surface layer for a given rate of 

stirring. Brunner found with his particular method of 

experiment 8 for benzoic acid = 0*03 mm. This value 

in 
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will also hold for the case in which a chemical reaction 
and not mere solution takes place at the surface of solid 
benzoic acid. When the absolute values of D and 8 are 
known, it is possible to calculate the velocity of solution 
of magnesia, for example, in different acids. These 
calculations have been made and the results completely 
confirmed experimentally by Brunner. 

The influence of temperature on the velocity of solu- 
tion appears to be considerable, and much greater than 
the influence of temperature on the diffusion constant. 
This can only be explained by assuming that the thick- 
ness of the adhering layer of saturated solution is 
greatly diminished by raising the temperature. This is 
also in accordance with the fact that the viscosity of 
water decreases very rapidly with rising temperature. 
With regard to the character of the surface, it may 
be remarked that the difficulty of obtaining perfectly 
smooth surfaces makes it impossible to measure accu- 
rately the extent of the real surface exposed by a 
given body. This difficulty is not of great import- 
ance, since the exact area of all the boundary faces is 
not identical with the actual working surface. The 
scene of the reaction is the surface layer whose volume 
is only slightly affected by small irregularities in the 
surface of the solid. The regulating factor is, therefore, 
not the microscopic character of the surface with all its 
roughness taken into account, but merely the area as 
determined from the ordinary dimensions. Conse- 
quently, if the irregularities are not great, the surface 
may be measured as if it were a uniform plane, sphere, 
etc. 
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22. 



In the above exposition it has been assumed for the 
sake of simplicity that the adhering layer was sharply 
defined from the rest of the solution. This is approxi- 
mately true, but not exactly so, since the concentration 
falls steeply, but without discontinuity, from the sur- 
face layer to the main solution. If we consider more 
in detail the progress of solution with a constant rate 
of stirring, then in the immediate neighbourhood of the 
solution the concentration is AO = C. It then falls 
gradually as the distance from the surface (OS) is in- 
A 




Fig. 8. 

creased until it reaches the concentration c at the point 

B, by a course which may be represented as a first 

approximation by a straight line (AB). The process 

of solution is due to the diffusion of molecules from 

to the point on the abscissa axis corresponding to B, 

whence it is further removed by the process of stirring. 

If the concentration (the ordinate in the diagram) be 

represented generally by C, the distance from the 

surface by s, then, 

dx t-. dC 

at ds 
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22. THE DYNAMICS OF SURFACES 

where D is the diffusion coefficient. It follows from 

the figure that 

dC . C - c 
-y- = tan a = 

w 8 

therefore -j- = — Pen — ^ — 

If we now represent the facts more exactly by 
making the curve in the neighbourhood of B follow the 
dotted line, the argument is only modified by the 
difference in the value of 8. 8 is no longer the true 
thickness of the layer, but a proportionality factor 
nearly corresponding to it, though not capable of exact 
definition. In any case the value found for 8 will not 
differ greatly from the thickness of the layer. 

The somewhat unexpected conclusion from this 
consideration is that the velocity of reaction in a 
heterogeneous system is mainly dependent on the rate 
of diffusion. Differences in chemical affinity disappear 
by comparison. Magnesia is dissolved more rapidly 
by the weak acetic acid than by the stronger benzoic 
acid, simply because the rate of diffusion of the acetic 
acid is greater. This fact is doubtless of great im- 
portance from a biological point of view. 
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A Pocket Book of Useful Formulae and Memoranda, for 

Civil and Mechanical Engineers. By Sir G. L. Moles worth 
and H. B. Moles worth. With an Electrical Supplement 
by W. H. Molesworth. Twenty-seventh edition, 800 
illus., viii + 936 pp., oblong 32mo, leather. (1913,) 5s.net. 

The Pocket Books of Sir G. L. Molesworth and J. T. Hurst, 
printed on India paper and bound in one vol. Royal 32mo, 
russia, gilt edges. 10s. 6d. net. 

Metallic Structures : Corrosion and Fouling and their 
Prevention. By J. Newman. 38 Illus., xii + 374 pp., 
crown 8vo. (1896.) gs. 

Scamping Tricks and Odd Knowledge occasionally prac- 
tised upon Public Works. By J. Newman. New imp., 
129 pp., crown 8vo. (1908.) 2s. net. 

Compensation Discharge in the Rivers and Streams of the 
West Riding (Yorkshire, England). By M. M. Pater - 
son. 55 pp., 8vo. (1896.) 2s. net. 

Co-ordinate Geometry applied to Land Surveying. By W. 

Pil king ton. 5 illus., 44 pp., i2mo. (1909.) is. 6d. net. 
Pioneering. By F. Shelford. 14 Illus., 88 pp., crown 

8vo. (1909.) 3s. net. 
Topographical Surveying. By G. J. Specht. Second 

edition, 2 plates and 28 illus., 210 pp., i8mo, boards. (New 

York, 1898.) 2s. net. 
Spons' Dictionary of Engineering, Civil, Mechanical, Mili- 
tary and Naval. 10,000 illus., 4,300 pp., super royal 8vo. 

(1874, Supplement issued in 1881.) Complete, in 4 vols. 

£3 3s. net. 
Surveying and Levelling Instruments. By W. F. Stanley. 

Fourth edition in preparation. 

Surveyor's Handbook. By T. U. Taylor. 116 illus., 310 
pp., crown 8vo, leather, gilt edges. (New York, 1908.) 
8s. 6d. net. 

Logarithmic Land Measurement. By J. Wallace. 32 pp., 
royal 8vo. (1910.) 5s. net. 

The Drainage of Fens and Low Lands by Gravitation and 

Steam Power. By W. H. Wheeler. 8 plates, 175 pp., 8vo. 

(1888.) 12s. 6d. 
Stadia Surveying, the theory of Stadia Measurements. By 

A. Winslow. Fifth edition, 148 pp., i8mo, boards. (New 

York 1902.) 2s. net. 
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Handbook on Tacheometrical Surveying. By G. Xydis. 

55 illus., 3 plates, 63 pp., 8vo. (1909.) 6s. net. 

CURVE TABLES 

Grace's Tables for Curves, with hints to young engineers. 
8 figures, 43 pp., oblong 8vo. » (1908.) 5s. net. 

Data relating to Railway Curves and Super -elevations, 

shown graphically. By J. H. Haiste. On folding card for 
pocket use. 6d. net. 
Tables for setting -out Railway Curves. By C. P. Hogg. 

A series of cards in neat cloth case. . 4s. 6d. 

Tables for setting out Curves for Railways, Roads, Canals, 
etc. By A. Kennedy and R. W. Hackwood. 32mo. 
2s. net. 

Spiral Tables. By J. G. Sullivan. 47 pp., i2mo, leather. 
(New York, 1908.) 6s. 6d. net. 

Tables for Setting out Curves from 101 to 5,000 feet radius. 
By H. A. Cutler and F. J. Edge. Royal 32mo. zs. net. 

Tables of Parabolic Curves for the use of Railway Engineers, 
and others. By G. T. Allen. Fcap i6mo. 4s. 

Transition Curves. By W. G. Fox. Second edition, 80 pp., 
i8mo, boards. (New York.) 2s. net. 

DICTIONARIES 

Technological Dictionary in the English, Spanish, German 
and French Languages. By D. Carlos Huelih Y Arssu. 

Crown 8vo. 

Vol. I. English-Spanish-German-French. 609 pp. 

(1906.) 10s. 6d. net. 

Vol. II. German-English-French-Spanish. 720 pp. 

(1908.) 10s. 6d. net. 

Vol. III. French-German-Spanish-English. In pre- 
paration. 

Vol. IV. Spanish-French-English-German. 750 pp. 

(1910.) 10s. 6d. net. 

Dictionary of English and Spanish Technical and Com- 
mercial Terms. By W. Jackson. 164 pp., fcap 8vo. 
(1911.) 25. 6d. net. 

English -French and French -English Dictionary of the 
Motor-Car, Cycle and Boat. By F. Lucas. 171 pp., 
crown 8vo. (1905.) 2s. net. 
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Spanish -English Dictionary of Mining Terms. By F. 
Lucas. 78 pp., 8vo. (1905.) 5s. net. 

English-Russian and Russian -English Engineering Dic- 
tionary. By L. Meycliar. 100 pp., i6mo. (1909.) 
2s. 6d. net. 

DOMESTIC ECONOMY 

Food Adulteration and its Detection. By J. P. Batter shall. 

12 plates, 328 pp., demy 8vo. (New York, 1887.) 15s. 
Practical Hints on Taking a House. By H. P. Boulnois. 

71 pp., i8mo. (1885.) is. 6d. 
The Cooking Range, its Failings and Remedies, By F. Dye. 

52 pp., fcap. 8vo, sewed. (1888.) 6d. 
Spices and How to Know Them. By W. M. Gibbs. With 

47 plates, including 14 in colours, 179 pp., 8vo. (New York, 

1909.) 15s. net. 
The Kitchen Boiler and Water Pipes. By H. Grimshaw. 

8vo, sewed. (1887.) is. net. 

Cookery and Domestic Management, including economic 
and middle class Practical Cookery. By K. Mellish. 56 
coloured plates and 441 illus., 987 pp., super royal 8vo. 
(1901.) 16s. net. 

Spons' Household Manual. 250 illus., 1,043 pp., demy 8vo. 
(1902.) 7s. 6d. 
Ditto ditto half-bound French morocco, gs. 

DRAWING 

The Ornamental Penman's, Engraver's and Sign Writer's 
Pocket Book of Alphabets. By B. Alexander. New 

Impression. Oblong i2mo, sewed. 6d. net. 

Slide Valve Diagrams : a French Method for their Construc- 
tion. By L. Bankson. i8mo, boards. (New York, 
1892.) 2s. net. 

A System of Easy Lettering. By J.H.Cromwell. Twelfth 

edition, 39 plates, oblong 8vo. (New York, 1912.) 2s. 6d. 

net. 
Key to the Theory and Methods of Linear Perspective. 

By C. W. Dymond, F.S.A. 6 plates, 32 pp., crown 8vo. 

(S. & C. Series, No. 20.) (1910.) is. 6d. net. 
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Plane Geometrical Drawing. By R. G. Fawdry. Illus- 
trated, 185 pp., crown 8vo. (1901.) 3s. net. 

Twelve Plates on Projection Drawing. By O. Gueth. 

Oblong 4to. (New York, 1903.) 3s. net. 

Hints on Architectural Draughtsmanship. By G. W. T. 
Hallatt. Fourth ed., 80 pp., i8mo. (1906.) is. 6d. net. 

A First Gourse of Mechanical Drawing (Tracing). By G. 
Halliday. Oblong 4to, sewed. 2s. 

A Text-Book of Graphic Statics. By C. W. Malcolm. 

155 illus., 316 pp., 8vo. (New York, 1909.) 12s. 6d. net. 

Drawings for Medium-sized Repetition Work. By R. D. 
Spinney. 47 illus., 130 pp., 8vo. (1909.) 3s. 6d. 
net. 

Mathematical Drawing Instruments. By W. F. Stanley. 

Seventh ed., 265 illus., 370 pp., cr. 8vo. (1900.) 5s. 



EARTHWORK 

Tables for Computing the Contents of Earthwork in the 

Cuttings and Embankments of Railways. By W. Mac- 

gregor. 1 plate, 59 pp., royal 8vo. 6s. 
Tables for facilitating the Calculation of Earthworks. 

By D. Cunningham. J20 pp., royal 8vo. 10s. 6d. 
Grace's Earthwork Tables. 36 double-page tables, 4to. 

12s. 6d. net. 
Earthwork Slips and Subsidences on Public Works. By 

J. Newman. 240 pp., crown 8vo. (1890.) ys. 6d. 



ELECTRICAL ENGINEERING 

Journal of the Institution of Electrical Engineers. Edited 
by P. F. Rowell, Secretary. Issued in quarto parts. The 
number -of parts will be from 12 to 16 annually. Annual 
Subscription, 46s. post free, payable in advance. Single 
copies, 3s. gd. post free. 

Practical Electric Bell Fitting. By F. C. Allsop. Tenth 
edition, 186 illus., including 8 folding plates, 185 pp., cr. 
8vo. (1914.) 2s. 6d. net. 
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Telephones : their Construction and Fitting. By F. C. All- 
sop. Eighth edition, new imp., 184 illus., 222 pp., 
cr. 8vo. (1914.) 2s. 6d. net. 

Electric Bell Construction. By F. C. Allsop. New imp., 
177 illus., xii + 131 pp., cr. 8vo. (1914.) 2s. 6d. net. 

Induction Coils and Coil Making. By F. C. Allsop. Second 
edition, new imp., 125 illus., xii +172 pp., cr. 8vo. (1914.) 
2s. 6d. net. 

Auto -Transformer Design. By A. H. Avery. 25 illus., 
60 pp., 8vo. (1909.) 3s. 6d. net. 

Principles of Electric Power (Continuous Current) for Mechani- 
cal Engineers. By A. H. Bate. 63 illus., 204 pp., crown 
8vo. (1905. ) (Finsbury Technical Manual.) 4s. 6d. net. 

Practical Construction of Electric Tramways. By W. R. 
Bowker. 93 illus., 119 pp., 8vo. (1903.) 6s. net. 

Dynamo Lighting for Motor Cars. By M. A. Codd. 

Second edition, 140 illus., vi + 107 pp., 8vo. (1914.) 
2s. 6d. net. 
Design and Construction of Induction Coils. By A. F, 
Collins. 155 illus., 272 pp., demy 8vo. (New York, 1909.) 
12s. 6d. net. 

Plans and Specification for Wireless Telegraph Sets. By 
A. F. Collins. Crown 8vo. (S. & C. Series, Nos. 41 and 
42). (New York, 1912.) is. 6d. each net. 

Part I. An Experimental Set and a One to Five 

Miles Set. 37 illus., viii + 45 pp. 
Part II. A Five to Ten Mile Set and a Ten to Twenty 

Mile Set. 63 illus., viii + 72 pp. 

Switchboard Measuring Instruments for Continuous and 
Polyphase Currents. By J. C. Connan. 117 illus., 150 
pp., 8vo. (1908.) 5s. net. 

Electric Cables, their Construction and Cost. By D. Coyle 
and F. J. O. Howe. With many diagrams and 216 tables, 
466 pp., crown 8vo, leather. (1909.) 15s. net. 

Management of Electrical Machinery. By F. B. Crocker 
and S. S. Wheeler. Eighth edition, 131 illus., 223 pp., 
crown 8vo. (New York, 1909.) 4s. 6d. net. 

Electric Lighting : A Practical Exposition of the Art. By 
F. B. Crocker. Royal 8vo. (New York.) 

Vol. I. The Generating Plant. Sixth edition, 213 

illus., 470 pp. (1904.) 12s. 6d. net. 
Vol. II. Out of Print. 



SCIENTIFIC BOOKS. 15 



The Care and Management of Ignition Accumulators. 
By H. H. U. Gross. 12 illus., 74 pp., crown 8vo. (S. & C. 
Series, No. 19.) (1910.) is. 6d. net. 

Elements of Telephony. By A. Crotch. 51 illus., 90 pp., 
crown 8vo. (S. & C. Series, No. 21.) (1911.) is. 6d. net. 

Elementary Telegraphy and Telephony. By Arthur 
Crotch. New impression, 238 illus., viii + 223 pp., 8vo. 
(Finsbury Technical Manual.) (1912.) 4s. 6d. net. 

Electricity and Magnetism in Telephone Maintenance. 
By G. W. Cummings. 45 illus., 137 pp., 8vo. New 
York, 1908.) 6s. 6d. net. 

Grouping of Electric Cells. By W. F. Dunton. 4 illus., 
50 pp., fcap. 8vo. (1906.) is. 6d. net. 

Wireless Telegraphy for Intending Operators. By C. K. P. 
Eden. 16 illus., 80 pp., cr. 8vo. (S. & C. Series, No. 
24.) (1913.) is. 6d. net. 

Magnets and Electric Currents. By Prof. J. A. Fleming. 

Second edition, 136 illus., 417 pp., crown 8vo. (1902.) 5s. net. 

Notes on Design of Small Dynamo. By George Hall id ay. 

Second edition, 8 plates, 8vo. (1895.) 2s. 6d. 

Practical Alternating Currents and Power Transmission. 
By N. Harrison. 172 illus., 375 pp., crown 8vo. (New 
York, 1906.) 10s. 6d. net. 

Making Wireless Outfits. By N. Harrison. 27 illus., 

61 pp., crown 8vo. (S. & C. Series, No. ii.) (New York, 

1909.) is. 6d. net. 
Wireless Telephone Construction. By N. Harrison. 43 

illus., 73 pp., crown 8vo. (S. & C. Series, No. 12.) (New 

York, 1909.) is. U. net. 

Testing Telegraph Cables . By Colonel V . Hoskioer . Third 
edition, 11 illus., viii + 75 pp., crown 8vo. (1889.) 4s. 6d. 

Long Distance Electric Power Transmission. By R. W. 
Hutchinson. 136 illus., 345 pp., crown 8vo. (New York, 
1907.) 12s. 6d. net. 

Theory and Practice of Electric Wiring. By W. S. Ibbetson. 

119 illus., 366 pp., crown 8vo: (1909.) 5s. net. 

Practical Electrical Engineering for Elementary Students. 
By W. S. Ibbetson. 61 illus., 155 pp., crown 8vo. (1910.) 
3s. 6d. net. 
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Form of Model General Conditions recommended by The 
Institution of Electrical Engineers for use in connection 
with Electrical Contracts. New edition in preparation. 

Telegraphy for Beginners. By W. H. Jones. 19 illus., 
58 pp., crown 8vo. {New York, 1910.) 2s. net. 

A Handbook of Electrical Testing. By H. R. Kempe. 

Seventh ed., 285 illus., 706 pp., 8vo. (1908.) iSs. net. 

Electromagnets, their Design and Construction. By A. N. 
Mansfield. 36 illus., 155 pp., i8mo, boards. (New York, 
1901.) 2s. net. 

Telephone Construction, Methods and Cost. By C. 
Mayer. With Appendices on the cost of materials and 
labour by J. C. Slippy. 103 illus., 284 pp., crown 8vo. 
(New York, 1908.) 12s. 6d. net. 

Practical Electrics : a Universal Handybook on Every Day 
Electrical Matters. Seventh edition, 126 illus., 135 pp., 8vo. 
(S. & C. Series, No. 13.) (New York, 1902.) is. 6d. net. 

Wiring Houses for the Electric Light. By N. H. Schneider. 

40 illus., 85 pp., crown 8vo. (S. & C. Series, No. 25. ) (New 
York, 1911.) is. 6d. net. 

Induction Coils. By N. H. Schneider. Second edition, 79 
illus., 285 pp., crown 8vo. (New York, 1901.) 4s. 6d. net. 

How to Install Electric Bells, Annunciators and Alarms. 
By N. H. Schneider. 59 illus., 63 pp., crown 8vo. 
(S. & C. Series, No. 2.) (New York, 1905.) is. 6d. net. 

Modern Primary Batteries, their construction, use and main- 
tenance. By N. H. Schneider. 54 illus., 94 pp., crown 
8vo. (S. & C. Series, No. i.) (New York, 1905.) is. 6d. net. 

Practical Engineers' Handbook on the Care and Manage- 
ment of Electric Power Plants. By N. H. Schneider. 

203 illus., 274 pp., crown 8vo. (New York, 1906.) 5s. net. 

Electrical Circuits and Diagrams, illustrated and explained. 
By N. H. Schneider. 8yo. (S. & C. Series, Nos. 3 and 4.) 
(New York.) 
No. 3, Part 1. Second edition. 217 illus., 72 pp. (New 

York, 1914.) is. 6d. net. 
No. 4, Part 2. 73 pp. (1909.) is. 6d. net. 
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Electrical Instruments and Testing. By N. H. Schneider 

and J. Hargrave. Fourth edition, 133 illus., xxiv + 256 
pp., cr. 8vo. (New York, 1913.) 4s. 6d. net. 

Experimenting with Induction Coils. By N. H. Schneider. 

26 illus., 73 pp., crown 8vo. (S. & C. Series, No. 5.) (New 
York, 1906.) is. 6d. net. 

Study of Electricity for Beginners. By N. H. Schneider. 

54 illus., 88 pp., crown 8vo. (S. & C. Series, No. 6.) (New 
York, 1905.) is. 6d. net. 

Wiring Houses for the Electric Light : Low Voltage Battery 
Systems. 44 illus., 86 pp., crown 8vo. (S. & C. Series, No. 
25.) (New York, 1911.) is. 6d. net. 

Low Voltage Electric Lighting with the Storage Battery. 
By N. H. Schneider. 23 "illus., 85 pp., crown 8va (S. & 
C. Series, No. 26.) (New York, 1911.) is. 6d. net. 

Dry Batteries : how to Make and Use them. By a Dry Battery 
Expert. With additional notes by N. H. Schneider. 

30 illus., 59 pp., crown 8vo. (S. & C. Series, No. 7.) (New 
York, 1905.) is. 6d. net. 

The Diseases of Electrical Machinery. By E. Schulz. 

Edited, with a Preface, by Prof. S. P. Thompson. 42 
illus., 84 pp., cr. 8vo. (1904.) 2s. net. 

Electricity Simplified . By T. O . Sloane. Thirteenth edition, 
29 illus., 158 pp., crown 8vo. (New York, 1901.) 4s. 6d. net. 

How to become a Successful Electrician. By T. O. Sloane. 

Fifteenth edition, 4 illus., 202 pp., crown 8vo. (New York, 
1906.) 4s. 6d. net. 
Electricity : its Theory, Sources and Applications. By J. T. 
Sprague. Third edition, 109 illus., 658 pp., crown 8vo. 
(1892.) ys. 6d. net. 

Telegraphic Connections. By C. Thom and W. H. Jones. 

20 plates, 59 pp., oblong 8vo. (New York, 1892.) 3s. 6d. 
net. 

Dynamo Electric Machinery. By Prof. S. P. Thompson. 

Seventh edition, demy 8vo. (Finsbury Technical Manual.) 

Vol. I. Continuous-Current Machinery. With 4 

coloured and 30 folding plates, 573 illus., 

984 pp. (1904.) £1 10s. net. 

Vol. II. Alternating Current Machinery. 15 

coloured and 24 folding plates, 546 illus., 

900 pp. (1905.) £1 10s. net. 

** 
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Design of Dynamos (Continuous Currents). By Prof. S. P. 
Thompson. 4 coloured and 8 folding plates, 243 pp., 
demy 8vo. (1903.) 12s. net. 

Schedule for Dynamo Design, issued with the above. 6rf. 
each, 4s. per doz., or 18s. per 100, net. 

Curves of Magnetic Data for Various Materials. A reprint 
on transparent paper for office use of Plate I from Dynamo 
Electric Machinery, and measuring 25 in. by 16 in. yd. net. 

Electrical Tables and. Memoranda. By Prof. S. P. 
Thompson. Second ed., 15 illus. viii. + 136 pp., oblong 
64010 (waistcoat-pocket size), leather. (1913.) is. net. 
Do., do., in celluloid case. is. 6d. net. 

The Electromagnet. By C. R. Under hill. 67 illus., 159 pp., 
crown 8vo. (New York, 1903.) 6s. 6d. net. 

Practical Guide to the Testing of Insulated Wires and 
Gables. By H. L. Webb. Fifth edition, 38 illus., 118 
pp., crown 8vo. (New York, 1902.) 4s. 6d. net. 

Wiring Rules. With Extracts from the Board of Trade Regu- 
lations and the Home Office Regulations for Factories and 
Workshops. Issued by The Institution of Electrical 
Engineers. Sixth edition, 42 pp., 8vo, sewed. (1911.) 
6d. net. 

FOREIGN EXCHANGE 

English Prices with Russian Equivalents (at Fourteen 
Rates of Exchange). English prices per lb., with equiva- 
lents in roubles and kopecks per pood. By A. Adiasse- 
wich. 182 pp,, fcap. 32mo. is. net. 

English Prices with German Equivalents (at Seven Rates 
of Exchange). English Prices per lb., with equivalents in 
marks per kilogramme. By St. Koczorowski. 95 pp., 
fcap. 32mo. is. net. 

English Prices with Spanish Equivalents. At Seven Rates 
of Exchange. English prices per lb., with equivalents in 
pesetas per kilogramme. By S. Lambert 95 pp., 32mo. 
is. net. 

English Prices with French Equivalents (at Seven Rates 
of Exchange). English prices per lb. to francs per kilo- 
gramme. By H. P. McCartney. 97 pp., 32mo. is. 
net. 

Principles of Foreign Exchange. By E. Matheson. 
Fourth edition, 54 pp,, 8vo, sewed. (1905.) 3d. net. 
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GAS AND OIL ENGINES 

The Theory of the Gas Engine. By D. Clerk. Edited by 
F. E. Idell. Third edition, 19 illus.,180 pp.,i8mo, boards. 
(New York, 1903.) 2s. net. 

Electrical Ignition for Internal Combustion Engines. By M. 
A. Codd. 109 illus., 163 pp., crown 8vo. . (1911.) 3s. net. 

The Design and Construction of Oil Engines. By A. H. 
Goldingham. Third edition, 112 illus. , 260 pp. , crown 8vo. 
(New York, 1910.) 10s. 6d. net. 

Gas Engine in Principle and Practice. By A. H. Golding- 
ham. New impression, 107 illus., 195 pp., 8vo. (New 
York, 1912.) 6s. 6d. net. 

Practical Handbook on the Care and Management of 
Gas Engines. By G. Lieckfeld. Third edition, square 
i6mo. (New York, 1896.) 3s. 6d. 

Elements of Gas Engine Design. By S. A. Moss. 197 pp., 
i8mo, boards. (New York, 1907.) 2s. net. 

Gas and Petroleum Engines. A Manual for Students and 
Engineers. By Prof. W. Robinson. (Finsbury Technical 
Manual.) Third edition in preparation. 

GAS LIGHTING 

Transactions of the Institution of Gas Engineers. Edited 
by Walter T. Dunn, Secretary. Published annually. 8vo. 
ios. 6d. net. 

Gas Analyst's Manual. By J. Abady. 102 illus., 576 pp., 
demy 8vo. (1902. ) iSs. net. 

Gas Works : their Arrangement, Construction, Plant and 
Machinery. By F. Colyer. 31 .folding plates, 134 pp., 
8vo. (1884.) 8s. (yd. net. 

Lighting by Acetylene. By F. Dye. 75 -illus., 200 pp., 
crown 8vo. (1902.) 6s. net. 

A Comparison of the English and French Methods of 
Ascertaining the Illuminating Power of Goal Gas. By 
A. J. Van Eijndhoven. Illustrated, crown 8vo. (1897.) 4s. 

Gas Lighting and Gas Fitting. By W. P. Gerhard. Third 
edition, 190 pp., i8mo, boards. (New York, 1904.) 2s. net. 

A Treatise on the Comparative Commercial Values of 
Gas Coals and Cannels. By D. A. Graham. 3 plates, 

100 pp., 8vo. (1882.) 4s. 6d* 
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The Gas Engineer's Laboratory Handbook. By J. Horn- 
by. Third edition, revised, 70 ilhis., 330 pp., crown 8vo. 
{1911.) 6s. net. 

Electric Gas Lighting. By N. H. Schneider. 57 illus., 
101 pp., crown 8vo. (S. & C. Series; No. 8.) (New York, 
1901.) is. 6d. net. 

HISTORICAL AND BIOGRAPHICAL 

Extracts from the Private Letters of the late Sir William 
Fothergill Cooke, 1836-9, relating to the Invention and 
Development of the Electric Telegraph ; also a Memoir by 
Latimer Clark. Edited by F. H. Webb, Sec.Inst.E.E. 
8vo. (1895.) 3s. 

A Chronology of Inland Navigation in Great Britain. By 
H. R. De Salis. Crown 8vo. (1897.) 4s. 6d. 

A History of Electric Telegraphy to the year 1837. By X 
J. Fahie. 35 illus., 542 pp., crown 8vo. . (1889.} 2s.net. 

Life as an Engineer : its Lights, Shades, and Prospects. By 
J. W. G. Haldane. New edition, 23 plates, 390 pp., crown 
8vo. (1910.) 5s. net. 

A Cornish Giant. Richard Trevethick, the father of the Loco- 
motive Engine. By E. K. Harper. 12 illus., including 2 
plates, 60 pp., 8vo, sewed. (1913.) is. net. 

Philipp Reis, Inventor of the Telephone : a Biographical 
Sketch. By Prof. S. P. Thompson. 8vo, cloth. (1883.) 
js. 6d. 

The Development of the Mercurial Air Pump. By Prof. 
S. P. Thompson. 43 illus., 37 pp., royal 8vo, sewed. (1888.) 
is. 6d. 

HOROLOGY 

Watch and Clock Maker's Handbook, Dictionary and 
Guide. By F. J. Britten. Tenth edition, 450 illus., 
492 pp., crown 8vo. (1902.) 5s. net. 

The Springing and Adjusting of Watches. By F. J. Brit- 
ten. 75 illus., 152 pp., crown 8vo. (1898.) 3s. net. 

Prize Essay on the Balance Spring and its Isochronal Adjust- 
. ments. By M. Immisch. 7 illus., 50 pp. r crown 8vo. 

(1872.) 2s. 6d. 
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HYDRAULICS AND HYDRAULIC 

MACHINERY 

(See also Irrigation and Water Supply.) 

The Suction Caused by Ships explained in popular language. 

By E. S. Bellasis. 2 plates, 26 pp., 8vo, sewed. (1912,) 

is. net. 
Hydraulics with Working Tables. By £. S. Bellasis. 

Second edition, 160 illus., xii+311 pp., 8vo. (1911.) 12s. net. 
Pumps : Historically, Theoretically and Practically Considered. 
By P. R. Bjorling. Second edition, 156 illus., 234 pp., 
crown 8vo. (1895.) js. 6d. 

Pump [Details. By P. R. Bjorling. 278 illus., 211 pp., 
crown 8vo. (1892.) 7 s. 6d. 

Pumps^and Pump Motors : A Manual for the use of Hydraulic 
Engineers. By P. R. Bjorling. Two vols., 261 plates, 
369 pp., royal 4to. (1895.) £1 10s. net. 

Practical Handbook on Pump Construction. By P. R. 
Bj&rling. Second ed., new imp., 9 plates, viii +86 pp., cr. 
8vo. (1912.) 3s. 6d. net. 

Water or Hydraulic Motors. By P. R. Bjorling. 206 illus., 
287 pp., crown 8vo. (1903.) gs. 

Hydraulic Machinery, with an Introduction to Hydraulics. 
By R. G. Blaine. Third edition, 307 illus., 468 pp., 
8vo. (Fixsbury Technical Manual.) (1913.) 10s. 6d. 
net. 

Practical Hydraulics. By T. Box. Fifteenth edition, 8 
plates, 88 pp., crown 8 vo. (1909.) 5s.net. 

Pumping and Water Power. By F. A. Bradley. 51 illus., 
vii + 118 pp., demy 8vo. (1912.) 45. 6d. net. 

Hydraulic, Steam, and Hand Power Lifting and Pressing 
Machinery. By F. Colyer. Second edition, 88 plates, 
211 pp., imperial 8vo. (1892.) 10s, 6d. net. 

Pumps and Pumping Machinery. By F. Colyer. 

Vol. I. Second edition, 53 plates, 212 pp., 8vo. (1892.) 
10s. 6d. net. 

Vol. II. Second edition, 48 plates, 169 pp., 8vow 
(1900.) 10s. 6d. net. 

Construction of Horizontal and Vertical Water-wheels. 
By W. Cullen. Second edition, 12 plates, 4to. (18711) 5s. 
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Donaldson's Poncelet Turbine and Water Pressure Engine 
and Pump. By W. Donaldson. 2 plates, viii + 32 pp., 
demy 4to. (1883.) $s. 

Principles of Construction and Efficiency of Water-wheels. 

By W. Donaldson. 13 illus., 94 pp., 8vo. (1876.) 5s. 
Practical Hydrostatics and Hydrostatic Formulae. By 

E. S. Gould. 27 illus., 114 pp., i8mo, boards. (New York, 

1903.) 2s. net. 

Hydraulic and Other Tables for purposes of Sewerage and 
Water Supply. By T. Hennell. Third edition, 70 pp., 
crown 8vo. (1908.) 4s. 6d. net. 

Tables for Calculating the Discharge of Water in Pipes for 
Water and Power Supplies. Indexed at side for ready refer- 
ence. By A. E. Silk. 63 pp., crown 8vo. (1899.) 5s. 

Simple Hydraulic Formulae. By T. W. Stone. 9 plates, 

98 pp., crown 8vo. (1881.) 4s. 
A B C of Hydrodynamics. By Lieut.-Col. R. de Villamil. 

48 illus., xi + 135 pp., demy 8vo. (1912.) 6s. net. 

INDUSTRIAL CHEMISTRY AND 
MANUFACTURES 

Transactions of the American Institute of Chemical En- 
gineers. Issued annually. 30s. net. 

Perfumes and their Preparation. By G. W. Askinson. 

Translated by I. Fuest. Third ed., 32 illus., 3i2pp.,[8vo. 
(New York, 1907.) 12s. 6d. net. 

Brewing Calculations, Gauging and Tabulation. By C. H. 
Bater. 340 pp., 641110, roan, gilt edges. (1897.) is. 6d. 
net. 

A Pocket Book for Chemists, Chemical Manufacturers, Metal- 
lurgists, Dyers, Distillers, etc. By T. Bay ley. Seventh 
edition, new impression, 550 pp., royal 32mo, roan, gilt 
edges. (1912.) 5$. net 

Practical Receipts for the Manufacturer, the Mechanic, and for 
Home use. By Dr. H. R. Berkeley and W. M. Walker. 

New impression, 250 pp., demy 8vo. (1912.) 5s. net, 

A Treatise on the Manufacture of Soap and Candles, 
Lubricants and Glycerine. By W. L. Carpenter and H. 
Leask, Second edition, 104 illus., 456 pp., crown 8vo. 
(1895.) 125. 6d. 
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A Text Book of Paper Making. By C. F. Gross and E. J, 
Be van. Third edition, 97 illus., 411 pp., crown 8vo. 
(1907.) 12s. 6d. net. 

G.B.S. Standard Units and Standard Paper Tests. By C. 
F. Cross, £. J. Bevan, G. Beadle and R. W. Sindall. 

25 pp., crown 4to. (1903.) 2$. 6d. net. 

Pyrometry. By C. R. Darling. 60 illus., 200 pp., crown 8vo. 
(1911.) 5s. net. 

Soda Fountain Requisites. A Practical Receipt Book for 
Druggists> Chemists, etc. By G. H. Dubelle. Third edi- 
tion, 157 pp., crown 8vo. (New York, 1905.) 45. 6d. net. 

Spices and How to Know Them. By W. M. Gibbs. 47 

plates, including 14 in colours, 176 pp., 8vo. (New York, 
1909.) 15s. net. 

The Chemistry of Fire and Fire Prevention. By H. and H. 

Ingle. 45 illus., 290 pp., crown 8vo. (1900.) g$. 
Ice-making Machines. By M. Ledoux and others. Sixth 

edition, 190 pp., i8mo, boards. (New York, 1906.) 2s. net. 
Brewing with Raw Grain. By T. W. Lovibond. 75 pp., 

crown 8vo. (1883.) 5s. 

The Chemistry, Properties, and Tests of Precious Stones. 
By J. Mastin. 114 pp., fcap. i6mo, limp leather, gilt top. 
(1911.) 2s. 6d. net. 

Sugar, a Handbook for Planters and Refiners. By the late 
J. A. R. Newlands and B. E. R. Newlands. 236 illus., 

876 pp., 8vo. (1909.) £1 5s. net. 

Principles of Leather Manufacture. By Prof. H. R. Proc- 
ter. Second edition in preparation. 

Leather Industries Laboratory Handbook of Analytical and 

Experimental Methods. By H. R. Procter. Second edi- 
tion, 4 plates, 46 illus., 450 pp., 8vo. (1908.) 185. net. 

Leather Chemists* Pocket Book. A short compendium of 
Analytical Methods. By Prof. H. R. Procter. Assisted 
by Dr. E. Stiasny and H. BrumwelL 4 illus., xiv + 223, 
pp., i6mo, leather. (1912.) 5s. net. 

Theoretical and Practical Ammonia Refrigeration. By 
I. I. Redwood. Sixth thousand, 15 illus., 146 pp., square 
i6mo. (New York, 1909. 4s. 6d. net. 

Breweries and Mai tings. By G. Scammell and F. Golyer. 

Second edition, 20 plates, 178 pp., 8vo. (1880.) 6s. net* 
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Factory Glazfes for Ceramic Engineers. By H. Rum- 
Bellow. Folio. Series A, Leadless Sanitary Glazes. 
(1908.) £2 2s. net. 

S pons' Encyclopaedia of the Industrial Arts, Manufactures 
and Commercial Products. 2 vols. 1,500 illus., 2,100 pp.^ 
super royal 8vo. (1882.) £2 2s. net. 

Refrigeration and Ice -making and Refrigerating Machinery. 
By W. H. Wakeman. 4th ed., 15 illus., 43 pp., 8vo, 
sewed. (New York, 1909.) is. 6d. net. 

Tables for the Quantitative Estimation of the Sugars. By 
E. Wein and W. Frew. Crown 8vo. (1896.) 6s. 

Handbook of Natural Gas. By Henry P. Westcott, with 
Tables by F. H. Oliphant. 156 illus., 529 pp. 8vo. 
(New York, 1913.) 17s. net. 

The Puering, Bating and Drenching of Skins. By J. T. 
Wood. 33 illus., xv + 300 pp., 8vo. (1912.) 12s. 6d. net. 

•Workshop Receipts. For the use of Manufacturers, Mechanics 
and Scientific Amateurs. New and thoroughly Revised 
Edition, crown 8vo. (1909.) 3s. each net. 
Vol. I. Acetylene Lighting to Drying. 223 illus., 

532 pp. 
Vol. II. Dyeing to Japanning. 259 illus., 540 pp. 
Vol. III. Jointing Pipes to Pumps. 256 illus., 528 pp. 
Vol. IV. Rainwater Separators to Wire Rope 
Splicing. 321 illus., -540 pp. 
Practical Handbook on the Distillation of Alcohol from 
Farm Products. By F. B. Wright. Second edition, 60 
illus., 271 pp., crown 8vo. (New York, 1907.) 4s. 6d. net. 
The Manufacture of Chocolate and other Cacao Preparations. 
By P. Zipperer. Second edition, 87 illus., 280 pp., royal 
8vo. (1902.) 16s. net. 

INTEREST TABLES 

The}Wide Range Dividend and Interest Calculator, showing 
at a glance the Percentage on any sum from One Pound to 
Ten Thousand Pounds, at any Interest, from 1 per cent, to 
12J per cent., proceeding by £ per cent By A. Stevens. 
100 pp., super royal 8vo. 6s. net. 
Quarter morocco, cloth sides, ys. 6d. 'net. 

The} Wide Range Income Tax Calculator, showing at a glanet 
the Tax on any sum from One Shilling to Thousand Pounds, 
at the Rate of gd., is., and is. 2d. in the Pound. By A. 
Stevens. On folding card, imperial 8vo. is. net. 
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IRRIGATION 

Irrigation Works, By E. S. Bellasis. 37 illus., viii + 174 
pp., 8vo. (1913.) 8s. net. 

Punjab Rivers and Works. By E. S. Bellasis. Second 
edition, 47 illus., 65 pp., folio. (1912.) 8s. net. 

Irrigation Pocket Book. By R. B. Buckley. Second ed., 
80 illus., viii + 475 pp., cr. 8vo, leather, gilt edges. (1913.) 
15s. net. 

The Design of Channels for Irrigation and Drainage. By 

R. B. Buckley. 22 diagrams, 56 pp., crown 8vo. (1911.) 

2s. net. 
The Irrigation Works of India. By R. B . Buckley. Second 

edition, with coloured maps and plans. 336 pp., 4to, cloth. 

(1905.) £2 2s. net. 

Irrigated India. By Hon. Alfred Deakin. With Map, 322 
pp., 8vo. (1893.) 8s. 6d. 

Indian Storage Reservoirs, with Earthen Dams. By W.L. 
Strange. Second ed., 16 plates, 59 illus., xxiv + 442 pp., 
• 8vo. (1913.) 21s. net. 
The Irrigation of Mesopotamia. By Sir W. Willcocks. 

2 vols., 46 plates, 136 pp. (Text super royal 8vo, plates 
folio.) (1911.) £1 net. 

Egyptian Irrigation. By Sir W. Willcocks and J. I. Craig. 

In 2 Vols. -Third edition, 81 plates, 183 illus., 900 pp., 
sup. roy. 8vo\ (1913.) 42s. net. 

The Nile Reservoir Dam at Assuan, and After. By Sir 
W. Willcocks. Second edition, 13 plates, 35 pp., super royal 
8vo. (1903.) 3s. net. 

The Assuan Reservoir and Lake Moeris. By Sir W. Will- 
cocks. With text in English, French and Arabic. 5 
plates, 116 pp., super royal 8vo. (1904.) 3s. net. 

The Nile in 1904. By Sir W. Willcocks. 30 plates, 200 pp., 
super royal 8vo. (1904.) 5s. net. 

LOGARITHM TABLES 

Aldum's Pocket Folding Mathematical Tables. Four- 
figure Logarithms, and Anti-logarithms, Natural Sines, 
Tangents, Cotangents, Cosines, Chords and Radians for all 
angles from 1 to 90 degrees. And Decimalizer Table for 
Weights and Money. On folding card. 4^. net. 20 copies, 
6s. net. 
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Tables of Seven -figure Logarithms of the Natural Numbers 
from i to 108,000. By C. Babbage. Stereotype edition, 
224 pp., medium 8vo. 5s. net. 

Four -Place Tables of Logarithms and Trigonometric 
Functions. By E. V. Huntington. Ninth thousand, 
34 PP-> square 8vo, limp buckram, with cut lateral index. 
(New York, 1911.) 3s. net. 

Short Logarithmic and other Tables. By W. C. Unwin. 

Fourth edition, small 4to. 3s. 

Logarithmic Land Measurement. By J. Wallace. 32 

pp., royal 8vo. (1910.) 5s. net. 

ABC Five-figure Logarithms with Tables, for Chemists. 
By C. J. Woodward. Crown 8vo. 2s. 6d. net. 

ABC Five -figure Logarithms for general use, with lateral 
index for ready reference. By C. J. Woodward. Second 
edition, with cut lateral Index, 116 pp., i2mo, limp leather. 
3s. net. 

MARINE ENGINEERING 
AND NAVAL ARCHITECTURE 

Marine Propellers. By S. W. Barnaby. Fifth edition, 5 
plates, 56 illus., 185 pp., demy 8vo. (1908.) 10s. 6d. net. 

Marine Engineer's Record Book : Engines. By B. G. 
Bartley. 8vo, roan. 5s. net. 

The Suction Caused by Ships and the Olympic -Ha wke 
Collision. By £. S. Bellasis. 1 chart and 5 illus. in 
text, 26 pp., 8vo, sewed. (1912.) is. net. 

Yachting Hints, Tables and Memoranda. By A. C. Franklin. 
Waistcoat pocket size, 103 pp., 64mo, roan, gilt edges, 
is. net. 

Steamship Coefficients, Speeds and Powers. By C. F. A. 
Fyfe. 31 plates, 280 pp., fcap. 8vo, leather. (1907.) 
10s. 6d. net. 

How to Build a Speed Launch. By E. W. Graef . 14 plates, 
32 pp., quarto. (New York, 1903). 45. 6d. net. 

Steamships and Their Machinery, from first to last. By 
J. W. C. Haldane. 120 illus., 532 pp., 8vo. (1893.) 15s. 

Tables for Constructing Ships ' Lines . By A . Hogg . Third 
edition, 3 plates, 20 pp., 8vo, sewed. (1911.) 3s. net. 
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Tabulated Weights of Angle, Tee, Bulb, Round, Square, and 
Flat Iron and Steel for the use of Naval Architects, Ship- 
builders, etc. By C. H. Jordan. Sixth edition, 640 pp., 
royal 32mo, leather, gilt edges. (1909.) ys. 6d~ 
net. 

Particulars of Dry Docks, Wet Docks, Wharves, etc., on the 
River Thames. Compiled by C. H. Jordan. Second 
edition, 7 coloured charts, 103 pp., oblong 8vo. (1904.) 
2s. 6d. net. 

Marine Transport of Petroleum. By H. Little. 66 illus., 
263 pp., crown 8vo. (1890.) 10s. 6d. 

Questions and Answers for Marine Engineers, with a Prac- 
tical Treatise on Breakdowns at Sea. By T. Lucas. 12 
folding plates, 515 pp., gilt edges, crown 8vo. (New York, 
1902.) 8s. net: 

How to Build a Motor Launch. By C. D. Mower. 49 illus., 
42 pp., 4to. (New York, 1904). 45. 6d. net. 

Reed's Engineers' Handbook to the Board of Trade 
Examinations for certificates of Competency as First and 
Second Class Engineers. Nineteenth edition, 37 plates, 
358 illus., 696 pp., 8vo. 14s. net. 

Key to Reed's Handbook, ys. 6d. net. 

Reed's Marine Boilers. Third edition, 79 illus., 258 pp., 

crown 8vo. (1905.) 45. 6d. net. 
Reed's Useful Hints to Sea -going Engineers. Fourth 

edition, 8 plates, 50 illus., 312 pp., crown 8vo. (1903.) 

3s. 6d. net. 

How to Build a Three -horse Power Launch Engine. By 
E* W. Roberts. 14 plates, 66 pp., folio. (New York, 1901). 
10s. 6d. net. 

MATERIALS 

Practical Treatise on the Strength of Materials. By T. 
Box. Fourth edition, 27 plates, 536 pp., 8vo. (1902.) 
12s. 6d. net. 

Solid Bitumens. By S. F. Peckham. 23 illus., 324 pp., 

8vo. (New York, 1909.) £1 is. net. 
Lubricants, Oils and Greases. By I. I. Redwood. 3 

plates, ix + 54 pp., 8vo. (1898.) 6s. 6d. net. 
Practical Treatise on Mineral Oils and their By-Products* 

By 1. 1. Redwood. 76 illus., 336 pp., 8vo. (1897.) 15s. 
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Silico-Calcareous Sandstones, or Building Stones from 
Quartz, Sand and Lime. By E. Stoffler. 5 plates, 8vo, 
sewed. (1901.) 4s. net. 

Proceedings of the Fifth Congress, Ihternational Associa- 
tion for Testing Materials. English edition. 189 illus., 
549 PP-» 8vo. (1910.) 18s. net. 

Proceedings of the Sixth Congress. (1913.) 30s. net. 

MATHEMATICS 

Imaginary Quantities. By M. Argand. Translated by 
Prof. Hardy. i8mo, boards. (New York.) 2$. net. 

Text-book of Practical Solid Geometry. By E. H. de V. 
Atkinson. Revised by Major B. R. Ward, R.E. Second 
edition, 17 plates, 134 pp., 8vo. (1913.) ys. 6d. 

Quick and Easy Methods of Calculating, and the Theory 
and Use of the Slide Rule. By R. G. Blaine. Fourth 
edition, 6 illus., xii + 152 pp., i6mo. (1912.) 2s. 6d. net. 

Symbolic Algebra, or the Algebra of Algebraic Numbers. 
By W. Cain. 12 illus., 131 pp., i8mo, boards. (New 
York, 1884.) is. net. 

Nautical Astronomy. By J. H. Colvin. 127 pp., crown 8vo. 
(1901.) 2s. 6d. net. 

Chemical Problems. By J. C. Foye. Fourth edition, 141 
pp., i8mo, boards. (New York, 1898.) 2s. net. 

Primer of the Calculus. By E. S. Gould. Second edition, 
24 illus., 122 pp., i8mo, boards. (New York, 1899.) 2s. net. 

Elementary Treatise on the Calculus for Engineering Stu- 
dents. By J. Graham. Fourth edition, 116 ijlus., xii 
+ 355 PP-» cr. 8vo. (1914.) 5s. net. , 

Manual of the Slide Rule. By F. A. Halsey. Second edition, 
31 illus., 84 pp., i8mo, boards. (New York, 1901.) 2s. net. 

Reform in Chemical and Physical Calculations. By 
C. J. T. Hanssen. 4to. (1897.) 6s. 6d. net. 

Algebra Self-Taught. By P. Higgs. Third edition, 104 

pp., crown 8vo. (1903.) 2s. 6d. 
A Text-book on Graphic Statics. By C. W. Malcolm. 

155 illus., 316 pp., 8vo. (New York, 1909.) 12s. 6d. net. 
Galvanic Circuit Investigated Mathematically. By G. S. 

Ohm. Translated by William Francis. 269 pp., i8mo, 

boards. (New York, 1891.) 2s. net. 
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Elementary Practical Mathematics. By M. T. Ormsby. 

Second edition, 128 illus., xii -f 410 pp., medium 8vo. 
(1911.) 5s. net. 

Elements of Graphic Statics. By K. Von Ott. Translated 
by G. S. Clarke. 95 illus., 128 pp., crown 8vo. (1901.) 5s. 

Figure of the Earth. By F. C. Roberts. 2 illus., 95 pp., 
i8mo, boards. (New York, 1885.) 2s. net. 

Arithmetic of Electricity. By T. O'C. Sloane. Thirteenth 
edition, 5 illus., 162 pp., crown 8vo. (New York, 1901.) 
4s. 6d. net. 

Graphic Method for Solving certain Questions in Arith- 
metic or Algebra. By G. L. Vose. Second edition, 
28 illus., 62 pp., i8mo, boards. (New York, 1902.) 2s. net. 

Problems in Electricity. A Graduated Collection comprising 
all branches of Electrical Science. By R. Weber. Trans- 
lated from the French by E. A. O'Keefe. 34 illus.; 
366 pp., crown 8vo. (1902.) 7s. 6d. net: 

MECHANICAL ENGINEERING 

Steam Engines and Boilers, etc. 

Engineers' Sketch Book of Mechanical Movements. By 

T. W. Barber. Fifth edition, 3,000 illus., 355 pp., 8vo. 

(1906.) 10s. 6d. net. 
The Repair and Maintenance of Machinery. By T. W. 

Barber. 417 illus., 476 pp., 8vo. (1895.) 10s. 6d. 
The Science of Burning Liquid Fuel. By William Newton 

Best. 100 illus., 159 pp. 8vo. (1913.) 9s. net. 

Practical Treatise on Mill Gearing. By T. Box. Fifth 
edition, 11 plates, 128 pp., crown 8vo. (1892.) ys. 6d. 

The Mechanical Engineers' Price Book. Edited by 
G. Brooks. 176 pp., pocket size (6£ in. by 3f in. by £ 

in. thick), red leather cloth. 4s. net. 

Safety Valves. By R. H. Buell. Third edition, 20 illus., 

100 pp., i8mo, boards. (New York, 1898.) 2s. net. 
Machine Design. By Prof. W. L. Cat heart. 

Part I. Fastenings. 123 illus., 291 pp., demy 8vo. 
(New York, 1903.) 12s. 6d. net. 
Chimney Design and Theory . By W. W. Christie. Second 
edition, 54 illus., 192 pp., crown 8vo. (New York, 1902.) 
X2s. 6d. net. 
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Furnace Draft : its Production by Mechanical Methods. By 
W. W. Christie. 5 illus., 80 pp., i8mo, boards. (New 
York, 1906.) 2s. net. 

The Stokers 9 Catechism. By W. J. Connor. 63 pp., limp. 
(1906.) is. net. 

Treatise on the use of Belting for the Transmission of Power. 
By J. H. Cooper. Fifth edition, 94 illus., 399 pp., demy 
8vo. (New York, 1901.) 12s. 6d. net. 

The Steam Engine considered as a Thermo -dynamic 
Machine. By J. H. Cotterill. Third edition, 39 dia- 
grams, 444 pp., 8vo. (1896.) 15$. 

Fireman's Guide, a Handbook on the Care of Boilers. By 
K. P. Dahlstrom. Eleventh edition, fcap. 8vo. (S. & C. 
Series, No. 16.) (New York, 1906.) is. 6d. net. 

Heat for Engineers. By C. R. Darling. Second edition, 
no illus., 430 pp., 8vo. (Finsbury Technical Manual.) 
(1912.) 12s. 6d. net. 

Belt Driving. By G. H alii day. 3 folding plates, 100 pp., 
8vo. (1894.) 3s. 6d. 

Worm and Spiral Gearing. By F. A. Halsey. 13 plates, 
85 pp., i8mo, boards. (New York, 1903.) 2s. net. 

Commercial Efficiency of Steam Boilers. By A. Hanssen. 

Large 8vo, sewed. (1898.) 6d. 

Corliss Engine. By J. T. Henthorn. Third edition, 23 illus., 
95 PP-> crown 8vo. (S. &C. Series, No. 23.) (New York, 
1910.) is. 6d. net. 

Liquid Fuel for Mechanical and Industrial Purposes. By E. A. 
Brayley Hodgetts. 106 illus., 129 pp., 8vo. (1890.) 5s. 

Elementary Text -book on Steam Engines* and Boilers. 
By J. H. Kinealy. Fourth edition, 106 illus., 259 pp., 8vo. 
(New York, 1903.) 8s. 6d. net. 

Centrifugal Fans . By J. H. Kinealy. 33 illus., 206 pp., fcap. 

8vo, leather. (New York, 1905.) 12s. 6d. net. 
Mechanical Draft. By J. H. Kinealy. 27 original tables 

and 13 plates, 142 pp., crown 8vo. (New York, 1906.) 

Ss. 6d. net. 

The A B C of the Steam Engine, with a description of the 
Automatic Governor. By J. P. Lisk. 6 plates, 8vo. 
(S. & C. Series, No. 17.) (New York, 1910.) is. 6d. net. 
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Valve Setting Record Book. By P. A. Low. 8vo, boards. 

is. 6d. • 

The Lay-out of Corliss Valve Gears. By S. A. Moss. 

Second edition, 3 plates, 108 pp., i8mo, boards. (New 
York, 1906.) 2s. net. 

Steam Boilers, their Management and Working. By J. 
Peattie. Fifth edition, 35 illus., 230 pp., crown 8vo. 
(1906.) 4s. 6d. net. 

Treatise on the Richards Steam Engine Indicator. By 
C. T. Porter. Sixth edition, 3 plates and 73 diagrams, 
285 pp., 8vo. (1902.) gs. 

Practical Treatise on the Steam Engine. By A. Rigg. 

Second edition, 103 plates, 378 pp., demy 4to. (1894.) 

Power and its Transmission. A Practical Handbook for 
the Factory and Works Manager. By T. A. Smith* 
76 pp., fcap. 8vo. (1910.) 2s. net. 

Slide Valve Simply Explained. By W. J. Tennant. Re- 
vised by J . H . Kinealy . 41 illus. , 83 pp. , crown 8 vo. (New 
York, 1899.) 4s. 6d. net. 

Shaft Governors. By W. Trinks and C. Hoosum. 27 illus., 
97 pp., i8mo, boards. (New York, % 1905.) 2s. net. 

Treatise on the Design and Construction of Mill Buildings. 
By H. G. Tyrrell. 652 illus., 490 pp., 8vo. (New York, 
1911.) 17s. net. 

Slide and Piston Valve Geared Steam Engines. By W. H. 
Uhland. 47 plates and 314 illus., 155 pp. Two vols., 
folio, half morocco. (1882.) £1 16s. 

How to run Engines and Boilers. By E. P. Watson. Fifth 
edition, 31 illus., 160 pp., 8vo. (New York, 1904.) 3s.6d m 

Position Diagram of Cylinder with Meyer Cut-off. By 
W. H. Weightman. On card. (New York.) is. net. 

Practical Method of Designing Slide Valve Gearing. By 
E. J. Welch. 69 illus, 283 pp., crown 8vo. (1890.) 6s. 

Elements of Mechanics. By T. W. Wright. Eighth edition, 
215 illus., 382 pp., 8vo. (New York, 1909.) 10s. 6d. net. 
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METALLURGY 

Iron and Steel Manufacture 

Life of Railway Axles. By T. Andrews* 8vo, sewed. 
(1895.) is. 

Microscopic Internal Flaws in Steel Rails and Propeller 
Shafts. By T. Andrews. 8vo, sewed. (1896.) is. 

Microscopic Internal Flaws, Inducing Fracture in Steel. 
By T. Andrews. 8vo, sewed. (1896.) 2S. 

Practical Alloying. A compendium of Alloys and Processes 
for Brassfounders, Metal Workers, and Engineers. By 
John F. Buchanan. 41 illus., 205 pp., 8vo. (New York, 
1911.) 10s. 6d. net. 

Brassfounders* Alloys. By J. F. Buchanan. 23 illus., 
viii 4- 129 pp., crown 8vo. (1905.) 4s. 6d. net. 

The Moulder's Dictionary (Foundry Nomenclature). By 
J. F. Buchanan. New impression, 26 illus., viii + 225 pp., 
crown 8vo. (1912.) 3s. net. 

American Standard Specifications for Steel. By A. L. 
Colby. Second edition, revised, 103 pp., crown 8vo. (New 
York, 1902.) 5s. net. 

Galvanized Iron : its Manufacture and Uses. By J. Davies. 

139 pp., 8vo. (1899.) 5s. net. 

Management of Steel. By G. Ede. Seventh edition, 216 pp., 
crown 8vo. (1903.) 55. 

The Frodair Handbook for Ironfounders. 160 pp., i2mo. 
(1910.) 2s. net. 

Manufacture of Iron and Steel. By H. R. Hearson. 21 

illus., xii + 103 pp., 8vo. (1912.) 4s. 6d. net. 

Cupola Furnace. By E. Kirk. Third edition, 106 illus., 484 

pp., 8vo. (New York, 1910.) 15s. net. 
Practical Notes on Pipe Founding. By J. W. Macfarlane. 

15 plates, 148 pp., 8vo. (1888.) 12s. 6d. 
Atlas of Designs concerning Blast Furnace Practice. By 

M. A. Pavloff. 127 plates, 14 in. by 10 J in. oblong, sewed. 

(1902.) £1 is. net. 

Album of Drawings relating to the Manufacture of Open 
Hearth Steel. By M. A. Pavloff. 

Part I. Open Hearth Furnaces. 52 plates, 14 in. by 
io£ in. oblong folio, in portfolio. (1904.) 12s. net. 
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Metallography Applied to Sldertirgic Products. By H. 
Savoia. Translated by R. G. Corbet. 94 illus., 180 pp., 
crown 8vo. (1910.) 4s. 6d. net. 

Modern Foundry Practice. By J. Sharp. Second edition, 
new impression, 272 illus., 759 pp., 8vo. (1911.) £1 is. 
net. 

Roll Turning for Sections in Steel and Iron. By A. Spen- 
cer. Second edition, yS plates, 4to. (1894.) £1 10s. 

METRIC TABLES 

French Measure and English Equivalents. By J. Brook. 

Second edition, 80 pp., fcap. 32mo, roan. is. net. 

A Dictionary of Metric and other useful Measures. By 
L. Clark. 113 pp., 8vo. (1891.) 6s. 

English Weights, with their Equivalents in kilogrammes. 
By F. W. A. Logan. 96 pp., fcap. 32mo, roan. is. net. 

Metric Weights with English Equivalents. By H. P. 
McCartney. 84 pp., fcap. 32mo, roan. is. net. 

Metric Tables. By Sir G. L. Moles worth. Fourth edition, 
95 PP-* royal 32mo. (1909.) 2s. net. 

Metric -English and English -Metric Lengths. By G. A. 
Rossetti. xii + 80 pp., ob. 32mo. is. net. Giving 
equivalents in millimetres (to five significant figures) of all 
English lengths from ^th of an inch to 10 ft., advancing 
by 64ths of an inch ; and equivalents to the nearest 64th 
of an inch of all Metric lengths from 1 to 3,200 millimetres, 
advancing by millimetres. 

Tables for Setting out Curves from 200 metres to 4,000 metres 
by tangential angles. By H. Williamson. 4 illus., 60 pp., 
i8mo. 2s. net. 

MINERALOGY AND MINING 

Rock Blasting. By G. G. Andre. 12 plates and 56 illus. in 
text, 202 pp., 8vo. (1878.) 5s. 

Winding Plants for Great Depths. By II. C. Behr. In 

two parts. 8vo, sewed. (1902.) £2 2s. net. 

Practical Treatise on Hydraulic Mining in California. By 

A. J. Bowie, Junr. Tenth edition, 73 illus., 313 pp., royal 
8vo. (New York, 1905.) £1 is. net. 
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Tables for the Determination of Common Rocks. By O. 
Bowles. 64 pp., i8mo, boards. (Van Nostrand Series, 
No. 125.) (New York, 1910.) 2s. net. 

Manual of Assaying Gold, Silver, Copper and Lead Ores. 
By W. L. Brown. Twelfth edition, 132 illus., 589 pp., 
crown 8vo. (New York, 1907.) 10s. 6d. net. 

Fire Assaying. By E. W. Buskett. 69 illus., 105 pp., crown 
8vo. (New York, 1907.) 4s. 6d. net. 

Tin : Describing the Chief Methods of Mining,Dressing, etc. By A. 
G.Charleton. 15 plates, 83 pp., crown 8 vo. (1884.) 12s. 6d. 

Gold Mining and Milling in Western Australia, with Notes 
upon Telluride Treatment, Costs and Mining Practice in 
other Fields. By A. G. Charleton. 82 illus. and numerous 
plans and tables, 648 pp., super royal 8vo. (1903.) 12s. 6d. net. 

Miners' Geology and Prospectors' Guide. By G. A. 
Corder. 29 plates, 224pp., crown 8vo. (1907.) 5s. net. 

Blasting of Rock in Mines, Quarries, Tunnels, etc. By 

A. W. and Z. W. Daw. Second edition, 90 illus., 316 pp., 
demy 8vo. (1909.) 15s. net. 
Gold Dredging. By C. T. Earl. 17 maps, 78 illus., xvi + 
208 pp., 8vo. (1913.) 20s. net. 

Handbook of Mineralogy ; determination and description of 
Minerals found in the United States. By J. C. Foye. 

180 pp., i8mo, boards. (New York, 1886.) 2s. net. 

Our Coal Resources at the End of the Nineteenth Century. 
By Prof. E. Hull. 157 pp., demy 8vo. (1897.) 6s. 

Hydraulic Gold Miners' Manual. By T. S. G. Kir kpa trick. 

Second edition, 12 illus., 46 pp., crown 8vo. (1897.) 4s. 

Economic Mining. By C. G. W. Lock. 175 illus., 680 pp., 
8vo. (1895.) 10s. 6d. net. 

Gold Milling : Principles and Practice. By C. G. W. Lock. 

200 illus., 850 pp., demy 8vo. (1901.) £1 is. net. 

Mining and Ore-Dressing Machinery. By C. G. W. Lock. 

639 illus., 466 pp., super royal 4to. (1890.) £1 5s. 

Miners' Pocket Book. By C. G. W. Lock. Fifth edition, 
233 illus., 624 pp., fcap. 8vo, leather, gilt edges. (1908.) 
10s. 6d. net. 

Chemistry, Properties and Tests of Precious Stones. By 
J. Mas tin. 114 pp., fcap. i6mo, limp leather, gilt top. 
(1911.) 2s. 6d. net. 
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Tests for Ores, Minerals and Metals of Commercial Value. 
By R. L. McMechen. 152 pp., i2mo. (New York, 2907.) 
5s. 6d. net. 

Practical Handbook for the Working Miner and Prospector, 

and the Mining Investor. By J. A. Miller. 34 illus., 
234 pp., crown 8vo. (1897.) ys. 6d. 

Theory and Practice of Centrifugal Ventilating Machines. 
By D. Murgue. 7 illus., 81 pp., 8vo. (1883.) 5s. 

Examples of Coal Mining Plant. By J. Povey-Harper. 

Second edition, 40 plates, 26 in. by 20 in. (1895.) £4 4s. net. 

Examples of Coal Mining Plant, Second Series. By J. 
Povey-Harper. 10 plates, 26 in. by 20 in. (1902.) 
£1 12s. 6d. net. 



MODELS AND MODEL MAKING 

How to Build a Model Yacht. By H. Fisher. 45 illus., 
50 pp., 4to. (New York, 1902.) 4s. 6d. net. 

Model Engines and Small Boats. By N. M. Hopkins. 50 

illus., viii+74 pp., crown 8vo. (New York, 1898.) 5s. 6d. net. 

Theory and Practice of Model Aeroplaning. By V. E. 
Johnson. 61 illus., xvi 4- 148 pp., crown 8vo. (1910.) 
3s. 6d. net. 

The Gyroscope, an Experimental Study. By V. E. John- 
son. 34 illus., 40 pp., cr. 8vo. (S. & C. Series, No. 22.) 
(1911.) is. 6d. net. 

The Model Vaudeville Theatre. By N. H. Schneider. 34 

illus., 90 pp., crown 8vo. (S. &C. Series, No. 15.) (New 
York, 1910.) is. 6d. net. 

Electric Toy-Making. By T. O. Sloane. Fifteenth edition, 
70 illus., 183 pp., crown 8vo. (New York, 1903.) 4s. 6d. net. 

Model Steam Engine Design. By R. M. De Vignier. 34 

illus., 94 pp., crown 8vo, limp. (S. &. C. Series, No. 9.) 
(New York, 1907.) is. 6d. net. 

Small Engines and Boilers. By E. P. Watson. 33 illus., 
viii + 108 pp., crown 8vo. (New York, 1899.) 5s. 6d. net. 
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ORGANIZATION 

Accounts, Contracts and Management 

Organization of Gold Mining Business, with Specimens of 

the Departmental Report Books and the Account Books. 

By Nicol Brown. Second edition, 220 pp., fcap. folio. 

(1903.) £1 5s. net. 
Cost Keeping and Management Engineering. A Treatise 

for those engaged in Engineering Construction. By H. P. 

Gillette and R. T* Dana. 184 illus., 346 pp., 8vo. (New 

York, 1909.) 15s. net. 

Handbook on Railway Stores Management. By W. O. 
Kempthorne. 268 pp., demy 8vo. (1907.) 10s. 6d. net. 

Depreciation of Factories, Municipal, and Industrial Under- 
takings, and their Valuation. By E. Matheson. Fourth 
edition, 230 pp., 8vo. (1910.) 10s. 6d. net. 

Aid Book to Engineering Enterprise. By E. Matheson. 

Third edition, 916 pp., 8vo, buckram. (1898.) £1 4s. 

Office Management. A handbook for Architects and Civil 
Engineers. By W. Kaye Parry. New Edition in preparation. 

Commercial Organization of Engineering Factories. By 
H. Spencer. 92 illus., 221 pp., 8vo. (1907.) 10s. 6d. net. 

PHYSICS 

Colour, Heat and Experimental Science 

The Entropy Diagram and -its Applications. By M. J. 

Boulvin. 38 illus., 82 pp., demy 8vo. (1898.) 55. 
Physical Problems and their Solution. By A. Bour- 

gougnon. 224 pp., i8mo, boards, (New York, 1897.) 2s.net. 
Heat for Engineers. By C. R. Darling. Second edition, 

iio illus., 430 pp., 8vo. (Finsbury Technical Manual.) 

(1912.) 12s. 6d. net. 

Engineering Thermodynamics. By C. F. Hirschfeld. 22 

illus., 157 pp., i8mo, boards. (New York, 1907.) 2s. net. 

Experimental Science : Elementary, Practical and Experi- 
mental Physics. By G. M. Hopkins. Twenty-third edition, 
930 illus., 1,100 pp., 8vo. (New York, 1902.) £1 is. net. 

Reform in Chemical and Physical Calculations. By 
C. J. T. Hans sen. Demy 4to, (1897.) 6s. 6d. net. 
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Introduction to the Study of Colour Phenomena. By J. W. 
Lovibond. 10 coloured plates, 48 pp., 8vo. (1905.) 5s.net. 

The Energy Chart. Practical application to reciprocating 
steam-engines. By Captain H. R. Sankey. 157 illus., 
170 pp., 8vo. (1907.) 75. 6d. net. 

PRICE BOOKS 

The Mechanical Engineers 9 Price Book. By G. 
Brooks. 200 pp., pocket size (6J in. by 3! in. by £ in. 
thick), leather cloth, with rounded corners. 4s. net. 

Approximate Estimates. By T. E. Coleman. Fourth edi- 
tion, 481 pp., oblong 32mo, leather. (1914.) $s. net. 
The Civil Engineers' Cost Book. By Major T. E. Coleman. 

xii + 289 pp., pocket size (6J in. by 3I in.), leather cloth. 
(1912.) 5s. net. 

Railway Stores Price Book. By W. O. Kempthorne. 

490 pp., demy 8vo. (1909.) 10s. 6d. net. 
Handbook of Cost Data for Contractors and Engineers. 
By H. P. Gillette. 1,854 PP-» crown 8vo, leather, gilt 
edges. (New York, 1911.) £1 is. net. 

Spons' Architects' and Builders 9 Pocket Price-Book. 
Edited by Clyde Young. Revised by Stanford M. 
Brooks. Forty-first ed., viii + 308 pp., green leather 
cloth. Published annually. (Size 6J in. by 3 J in. by § in. 
thick.) 2s.6d. net. 

RAILWAY ENGINEERING AND 
MANAGEMENT 

Practical Hints to Young Engineers Employed on Indian 
Railways. By A. W. C. Addis. 14 illus., 154 pp., i2mo. 
(1910.) 3s. 6d. net. 

Up-to-date Air Brake Catechism. By R. H. Blackall. 

Twenty-fifth edition, 5 coloured plates, 96 illus., 305 pp., 

crown 8vo. (New York, 1913.) 8s. 6d. net. 
Prevention of Railroad Accidents, or Safety in Railroading. 

By Geo. Bradshaw. 64 illus., 173 pp., square crown 8vo. 

(New York, 1912.) 2s. 6d. net. 
Simple and Automatic Vacuum Brakes. By C. Briggs, 

G.N.R. 11 plates, 8vo. (1892.) 4s. 
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Notes on Permanent-way Material, Plate-laying, and Points 
and Crossings. By W. H. Cole. Sixth edition, revised, 
44 illus. in 39 plates, 203 pp., crown 8vo. (1912.) ys. 6d. 
net. 

Statistical Tables of the Working of Railways in various 
countries up to the year 1904. By J. D. Diacomidis. 
Second edition, 84 pp., small folio, sewed. (1906.) 16s. net . 

Locomotive Breakdowns, Emergencies and their Remedies. 
By Geo. L. Fowler, M.E., and W. W. Wood. Fifth edition, 
92 illus., 266 pp., i2mo. (New York, 1911.) 4s. 6d. net. 

Permanent-way Diagrams. By F. H. Frere. Mounted 
on linen in cloth covers. (1908.) 3s. net. 

Formulae for Railway Crossings and Switches. By J. 
Glover. 9 illus., 28 pp., royal 32mo. (1896.) 2s. 6d. 

Setting out of Tube Railways. By G. M. Halden. 9 plates, 

46 illus., 68 pp., crown 4to. (1907.) 10s. 6d. net. 
Railway Engineering, Mechanical and Electrical. By 

J. W. G. Haldane. New edition, 141 illus., xx + 583 pp., 

8vo. (1908.) 15s. 
The Construction of the Modern Locomotive. By G. 

Hughes. 300 illus., 261 pp., 8vo. (1894.) gs. 
Practical Hints for Light Railways at Home and Abroad. 

By F. R. Johnson. 6 plates,<3i pp., crown 8vo. (1896.) 

2S. 6d. 
Handbook on Railway Stores Management. By W. O. 

Kempthorne. 268 pp., demy 8vo. (1907.) 10s.6rf.net. 
Railway Stores Price Book. By W. O. Kempthorne. 

490 pp., demy 8vo. (1909.) 10s. 6d. net. 
Railroad Location Surveys and Estimates. By F. La vis. 

68 illus, 270 pp., 8vo. (New York, 1906.) 12s. 6d. net. 
Pioneering. By F. Shelf or d. 14 illus., 88 pp., crown 8vo. 

(1909.) 3s. net. 

Handbook on Railway Surveying for Students and Junior 
Engineers. By B. Stewart. 55 illus., 98 pp., crown 8vo. 
(1909.) 2s. 6d. net. 

Modern British Locomotives. By A. T. Taylor. 100 dia- 
grams of principal dimensions, 118 pp., oblong 8vo. (1907.) 
4s. 6d. net. 

Locomotive Slide Valve Setting. By G. E. Tully. Illus- 
trated, i8mo. is. net. 
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The Railway Goods Station. By F. W. West. 23 illus., 
xv + 192 pp., crown 8vo. (1912.) 4s. 6d. net. 

The Walschaert Locomotive Valve Gear. By W. W. Wood. 

4 plates and set of movable cardboard working models of 
the valves, 193 pp., crown 8vo. (New York, 1912.) 6s. 6d. 
net. 

The Westinghouse E.T. Air -Brake Instruction Pocket 
Book. By W. W. Wood. 48 illus., including many 
coloured plates, 242 pp., crown 8vo. (New York, 1909.) 
8s. 6d. net. 

SANITATION, PUBLIC HEALTH AND 
MUNICIPAL ENGINEERING 

Engineering Work in Public Buildings. By R. O. Allsop. 

77 illus., ix + 158 pp., demy 4to. (1912.) 12$. 6d. net. 

Public Abattoirs, their Planning, Design and Equipment. 
By R. S. Ayling. 33 plates, 100 pp., demy 4to. (1908.) 
8s. 6d. net. 

Sewage Purification. By E. Bailey-Denton. 8 plates, 
44 pp., 8vo. (1896.) 5s. 

Water Supply and Sewerage of Country Mansions and 

Estates. By E. Bailey -Denton. 76 pp., crown 8vo. 
(1901.) 2s. 6d. net. 

Sewerage and Sewage Purification. By M. N. Baker. 

Second edition, 144 pp., i8mo, boards. (New York, 1905.) 
2s. net. 

Bacteriology of Surface Waters in the Tropics. By W. 
W. Glemesha. viii + 161 pp., 8vo. (Calcutta, 1912.) ys. 6d. 
net. 

Housing and Town-Planning Conference, 1913. Being a 
Report of a Conference held by the Institution of Municipal 
and County Engineers at Great Yarmouth. Edited by 
T. Cole. 42 folding plates, 227 pp., 8vo. 10s. 6d. net. 

Housing and Town Planning Conference, 1911! Report 
of Conference held by the Institution of Municipal and 
County Engineers at West Bromwich. Edited by T. 
Cole, Secretary. 30 plates, 240 pp., 8vo. 10s. 6d. net. 
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Sanitary House Drainage, its Principles and Practice. By 
T. E. Coleman. 98 illus., 206 pp., crown 8 vo. (1896.) 
3s. 6d. net. 

Stable Sanitation and Construction. By T. £. Coleman. 

183 illus., 226 pp., crown 8vo. (1897.) 3s. net. 

Discharge of Pipes and Culverts. By P. M. Crosthwaite. 

Large folding sheet in case. 2s. 6d. net. 

* 

A Complete and Practical Treatise on Plumbing and 
Sanitation. By G. B. Davis and F. Dye. 2 vols., 637 
illus. and 21 folding plates, 830 pp., 4to, cloth. (1899.) 
£1 10s. net. 

Standard Practical Plumbing. By P. J. Davies. 

Vol. I. Fourth edition, 768 illus., 355 pp., royal 8vo. 
(1905.) ys. 6d. net. 

Vol. II. Second edition, 953 illus., 805 pp. (1905.) 
10s. 6d. net. 

Vol. III. 313 illus., 204 pp. (1905.) 5s. net. 

Conservancy, or Dry Sanitation versus Water Carriage. 
By J. Donkin. 7 plates, 33 pp., 8vo, sewed. (1906.) is. 
net. 

Sewage Disposal Works. By W. C. Easdale. 160 illus., 
264 pp., 8vo. (1910.) 10s. 6d. net. 

House Drainage and Sanitary Plumbing. By W. P. 
Gerhard. Tenth edition, 6 illus., 231 pp., i8mo, boards. 
(New York, 1902.) 2s. net. 

The Treatment of Septic Sewage. By G. W. Rafter. 

137 pp., i8mo, boards. (New York, 1904.) 2s. net. 

Reports and Investigations on Sewer Air and Sewer Ven- 
tilation. By R. H. Reeves. 8vo, sewed. (1894.) is. 

Sewage Drainage Systems. By Isaac Shone. 27 folding 
plates, 47 illus., 440 pp^, 8vo. (1914.) 25s. net. 

Drainage and Drainage Ventilation Methods. By Isaac 
Shone, C.E. 7 folding plates, 36 pp., 8vo, leather. 
(1913.) 6s. net. 

The Law and Practice of Paving Private Street Works. 
By W. Spinks. Fourth edition, 256 pp., 8vo. (1904.) 
12s. 6d. net. 
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STRUCTURAL DESIGN 

(See Bridges and Roofs) 

TELEGRAPH CODES 

New Business Code. 320 pp., narrow 8vo. (Size 4f in. by 

7I in. and J in. thick, and weight 10 oz.) (New York, 1909.) 

£1 is. net. 
Miners' and Smelters' Code (formerly issued as the Master 

Telegraph Code). 448 pp., 8vo, limp leather, weight 

14 oz. (New York, 1899.) £2 10s. net. 

Billionaire Phrase Code, containing over two million sen- 
tences coded in single words. 56 pp., 8vo, leather. (New 
York, 1908.) 6s. 6d. net. 

WARMING AND VENTILATION 

Heat for Engineers. By C. R. Darling. Second edition, 
no illus., 430 pp., 8vo. (Finsbury Technical Manual.) 
(1912.) 12s. 6d. net. 

Hot Water Supply. By F. Dye. Fifth edition, new impres- 
sion, 48 illus., viii -f- 86 pp., 8vo. (1912.) 3s. net. 

A Practical Treatise upon Steam Heating. By F. Dye. 

129 illus., 246 pp., 8vo, (1901.) 10s. net. 

Practical Treatise on Warming Buildings by Hot Water. 
By F. Dye. 192 illus., 319 pp., 8vo. (1905.) Ss. 6d. net: 

Charts for Low Pressure Steam Heating . By J . H . Kinealy . 

Small folio. (New York.) 4s. 6d. 

Formulae and Tables for Heating. By J. H. Kinealy. 

18 illus., 53 pp., 8vo. (New York, 1899.) 3s. 6d. 

Centrifugal Fans. By J. H. Kinealy. 35 illus., 206 pp., 
fcap. 8vo, leather. (New York, 1905.) 12s. 6d. net. 

Mechanical Draft. By J. H. Kinealy. 27 original tables 
and 13 plates, 142 pp., crown 8vo. (New York, 1906.) 
Ss. 6d. net. 

Theory and Practice of Centrifugal Ventilating Machines. 
By D. Murgue. 7 illus., 81 pp., 8vo. (1883.) 5s. • 

Mechanics of Ventilation. By G. W. Rafter. Second 
edition, 143 pp., i8mo, boards. (New York, 1896.) 2s. net. 
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Principles of Heating. By W. G. Snow. New edition, 59 
illus., xii + 224 pp., 8vo. (New York, 1912.) 9s. net. 

Furnace Heating. By W. G. Snow. Fourth edition, 52 

illus., 216 pp., 8vo. (New York, 1909.) 6s. 6d. net. 
Ventilation of Buildings. By W. G. Snow and T. Nolan. 

83 pp., i8mo, boards. (New York, 1906.) 2s. net. 

Heating Engineers' Quantities. By W. L. White and G. M. 
White. 4 plates, 33 pp., folio. (1910.) 10s. 6d. net. 



WATER SUPPLY 

(See also Hydraulics) 

Potable Water and Methods of Testing Impurities. By 
M. N. Baker. 97 pp., i8mo, boards. (New York, 1905.) 
2S. net. 

Manual of Hydrology. By 1ST. Beard more. New impres- 
sion, 18 plates, 384 pp., 8vo. (1906.) 10s. 6d. net. 

Boiler Waters, Scale, Corrosion and Fouling. By W. W. 
Christie. 77 illus., 235 pp., 8vo. (New York, 1907.) 
12s. 6d. net. 

Bacteriology of Surface Waters in the Tropics. By W. W. 
Clemesha. 12 tables, viii 4- 161 pp., 8vo. (Calcutta, 
1912.) ys. 6d. net. 

Water Softening and Purification. By H. Collet. Second 
edition, 6 illus., 170 pp., crown 8vo. (1908.) 5s. net. 

Treatise on Water Supply, Drainage and Sanitary Appliances 
of Residences. By F. Colyer. 100 pp., crown 8vo. 
(1899.) is. 6d. net. 

Purification of Public Water Supplies. By J. W. Hill. 

314 pp., 8vo. (New York, 1898.) 10s. 6d. 

Well Boring for Water, Brine and Oil. By C. Isler. Second 
edition, 105 illus., 296 pp., 8vo. (1911.) 10s. 6d. net. 

Method of Measuring Liquids Flowing through Pipes by 
means of Meters of Small Calibre. By Prof. G. Lange. 
1 plate, 16 pp., 8vo, sewed. (1907.) 6d. net. 

On Artificial Underground Water. By G. Richert. 16 

• illus., 33 pp., 8vo, sewed. (1900.) is. 6d. net. 

Notes on WaterjSupply in new Countries. By F. W. Stone. 

18 plates, 42 pp., crown 8vo. (1888.) 5s. 
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The Principles of Waterworks Engineering. By J. H. T. 
Tudsbery and A. W. Bright more. Third edition, 13 
folding plates, 130 illus., 447 pp., demy 8vo. (1905.) £1 is. 
net.- 



WORKSHOP PRACTICE 

For Art Workers and Mechanics 

Alphabet of Screw Gutting. By L. Arnaudon, Fifth 
edition, 92 pp., cr. 8vo., sewed. (1913.) 4s. net. 

A Handbook for Apprenticed Machinists. By O. J. Beale. 

Second edition, 89 illus., 141 pp., i6mo. (New York, 1901.) 
2s. 6d. net. 

Practice of Hand Turning. By F. Gampin. Third edition, 
99 illus., 307 pp., crown 8vo. (1883.) 3s. 6d. 

Artistic Leather Work. *By E. Ellin Garter. 6 plates and 
21 illus., xii + 51 pp., crown 8vo. (1912.) 2s. 6d. net. 

Calculation of Ghange Wheels for Screw Gutting on Lathes. 
By D. de Vries. 46 illus., 83 pp., 8vo. (1908.) 3s. net. 

Milling Machines and Milling Practice. By D. de Vries. 

536 illus., 464 pp., medium 8vo. (1910.) 14s. net. 

French -Polishers* Manual. By a French-Polisher. New 

impression, 31 pp., royal 32mo, sewed. (1912.) 6d. net. 

Art of Copper -Smithing. By J. Fuller. Fourth edition, 
483 illus., 319 pp., royal 8vo. (New York, 1911.) 12s. 6d. 
net. 

Saw Filing and Management of Saws. By R. Grimshaw. 

New edition, 81 illus., i6mo. (New York, 1906.) 4s. 6d. net. 

Cycle Building and Repairing. By P. Henry. 55 illus., 
96 pp., cr. 8vo. (S. & C. Series, No. 43.) is. 6d. net. 

Paint and Colour Mixing. By A. S. Jennings. Fourth 
edition, 14 coloured plates, 190 pp., 8vo. (1910.) 5s. 
net. 

The Mechanician : a Treatise on the Construction and Mani- 
pulation of Tools. By C. Knight. Fifth edition, 96 
plates, 397 pp., 4to. (1897.) iSs. 

Turner's and Fitter's Pocket Book. By J. La Nicca. i8mo, 
sewed. 6d. 
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Tables for Engineers and Mechanics, giving the values of the 
different trains of wheels required to produce Screws of any 
pitch. By Lord Lindsay. Second edition, royal 8vo, 
oblong. 2s. 

Screw-cutting Tables. By W. A. Martin. Seventh edition. 
New imp., oblong 8vo. is. net. 

Metal Plate Work, its Patterns and their Geometry, for the 
use of Tin, Iron and Zinc Plate Workers. By G. T. Millis. 
Fourth Ed., New imp., 280 illus., xvi + 456 pp., cr. 8vo. 
(1912.) gs. 

The Practical Handbook of Smithing and Forging. Engin- 
eers' and General Smiths' Work. By T. Moore. New 
impression, 401 illus., 248 pp., crown 8vo. (1912.) 5s. net. 

Modern Machine Shop Construction, equipment and man- 
agement. By O. E. Perrigo. 208 illils., 343 pp., crown 
4to. (New York, 1906.) £1 \s. net. 

Turner's Handbook on Screw-cutting, Coning, etc. By 
W. Price. New impression, 56 pp., fcap. 8vo. (1912.) 6d. 
net. 

Introduction to Eccentric Spiral Turning. By H. G. 
Robinson. 12 plates, 23 illus., 48 pp., 8vo. (1906.) 
4s. 6d. net. 

Manual of Instruction in Hard Soldering. By H. Rowell. 

Sixth edition, 7 illus., 66 pp., crown 8vo. (Nets) York, 1910.) 
y. net. 

Forging, Stamping, and General Smithing. By B. Saun- 
ders. 728 illus., ix -h 428 pp., demy 8vo. (1912.) £1 is. 
net. 

Pocket Book on Boiler making, Shipbuilding, and the Steel 
and Iron Trades in General. By M. J. Sexton. Sixth 
edition, new impression, 85 illus., 319 pp., royal 32mo, roan, 
gilt edges. (1912.) 5s. net. 

Power and its Transmission. A Practical Handbook for the 
Factory and Works Manager. By T. A. Smith. 76 pp., 
fcap. 8vo. (1910.) 2s. net. 

Spons' Mechanics 9 Own Book : A Manual for Handicrafts- 
men and Amateurs. Sixth edition, New impression, 1,430 
illus., 720 pp., demy 8vo. (1912.) 6s. 
Ditto ditto half French morocco, ys. 6d. 
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Spoils' Workshop Receipts for Manufacturers, Mechanics 
and Scientific Amateurs. New and thoroughly revised 
edition, crown 8vo. (1909.) 3s. each net. 
Vol. I. Acetylene Lighting to Drying. 223 illus., 

532 pp. 
Vol. II. Dyeing to Japanning. 259 illus., 540 pp. 

Vol. III. Jointing Pipes to Pumps. 257 illus., 528 pp. 

Vol. IV. Rainwater Separators to Wire Ropes. 

321 illus., 540 pp. 

Gauges at a Glance. By T. Taylor. Second edition, post 
8vo, oblong, with tape converter. (1900.) 5s. net. 

Simple Soldering, both Hard and Soft. By E. Thatcher. 

52 illus., 76 pp., crown 8vo. (S. & C. Series, No. 18.) 
(New York, 1910.) is. 6d. net. 

The Modern Machinist. By J.. T. Usher. Fifth edition, 
257 illus., 322 pp., 8vo. (New York, 1904.) 10s. 6d. net. 

Practical Wood Carving. By C. J. Woodsend. 108 illus., 
86 pp., 8vo. (New York, 1897.) 4s. 6d. net. 

American Tool Making and Interchangeable Manufacturing. 
By J. W.Wood worth. Second Ed. 600 illus., 535 pp., 8vo 
(New York, 1911.) 18s. net. 
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ander. 32mo, roan. is. 6d. net. 
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200 pp., crown 8vo, leather cloth. 4s. net. 

Tables of Squares. Of every foot, inch and ^ of an inch from 
-fe of an inch to 50 feet. By E. E. Buchanan, Eleventh 
edition, 102 pp., i6mo. 4s. (d. net. 

Land Area Tables. By W. Godd. For use with Amsler's 
Planimeter. On sheet in envelope with explanatory 
pamphlet, is. 6d. net. Or separately : tables on sheet is. net. 
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Edited by G. C. Lloyd, Secretary. 

Published Half-yearly, 8vo. 16s. net. 
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The Journal of the Institution of Electrical 
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Issued in monthly parts (fortnightly during April, May, June 
and July). Price is. gd., post free, each part. 
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